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Photovoltaik (PV) spielt eine wichtige Rolle bei der Transformation des globalen Energiesystems von fossilen 
Brennstoffen hin zu erneuerbaren Energiequellen, die ein Schlüssel zu einer nachhaltigen Zukunft des 
Planeten Erde ist. Eine solche Transformation wird jedoch hauptsächlich durch die wirtschaftliche 
Wettbewerbsfähigkeit einer Technologie getrieben, für die die Stromgestehungskosten ein entscheidender 
Faktor sind. In den letzten Jahren sind die Preise für Solarmodule drastisch gesunken, so dass die weitere 
Steigerung des Wirkungsgrades (PCE) und des Energieertrags (EY) von PV-Anlagen von zunehmender 
Bedeutung ist, um die wirtschaftliche Wettbewerbsfähigkeit der PV zu verbessern.  
Einer der limitierenden Faktoren moderner Solarmodule ist die Verlustleistung aufgrund inaktiver 
Flächen, die zur Minimierung der resistiven Verluste während des Ladungstransports über die großen 
Abmessungen eines Solarmoduls erforderlich sind. Optische Tarnkonzepte haben die Fähigkeit, Licht von 
inaktiven Bereichen hin zu den aktiven Flächen eines Solarmoduls zu leiten, wodurch die entsprechende 
Verlustleistung reduziert wird. Unter den verschiedenen optischen Tarnkonzepten sind Freiformoberflächen 
(FFS) als Tarnkappen eine interessante Technologie, die omnidirektionales Tarnen von inaktiven Flächen 
verspricht.  
Diese Dissertation konzentriert sich auf die Entwicklung und Herstellung von FFS mit der anvisierten 
Anwendung auf Perowskit/Silizium-Tandem-Solarmodulen, die ihrerseits sowohl für die Forschung als auch 
für die Industrie von höchstem Interesse sind, da die Kombination zweier Absorbermaterialien das 
theoretische Limit der PCE von 29 % für Einfachsolarzellen auf 46 % für Tandemsolarzellen erhöht. Eine 
detaillierte Untersuchung der optischen Verluste mittels optischer Simulation und EY-Modellierung von 
zwei- (2T) und vier-poligen (4T) Perowskit/Silizium-Tandemsolarmodulen in dieser Arbeit zeigt, dass 
Leistungsverluste durch inaktive Flächen – neben der parasitären Absorption – einer der größten optischen 
Verlustmechanismen von Perowskit/Silizium-Tandemsolarmodulen sind. 
Auch wenn FFS in einem idealen Design eine perfekte Tarnung von inaktiven Flächen aufweisen, sind sie 
nicht mit der herkömmlichen Architektur von Solarmodulen kompatibel, da sie eine nicht planare, für 
Verschmutzung anfälligere Oberfläche aufweisen. Um Verschmutzungen zu vermeiden, wird die Einbettung 
von FFS unter einer Glasabdeckung untersucht und hierfür zwei optimierte Designs von Freiformoberflächen 
vorgeschlagen, die unter Berücksichtigung eines geometrischen Füllfaktors (GFF) von inaktiven Flächen von 
4 % die Einstrahlungsleistung auf die aktive Fläche theoretisch um 3.5 % erhöhen. Die Fähigkeit des 
omnidirektionalen Tarnen wird jedoch durch die vorgeschlagenen Designs beeinträchtigt, was zu einem 
etwas geringeren Anstieg des EY unter realistischen Einstrahlungsbedingungen von 2.4 % jährlich führt. Die 
effektive Tarnung inaktiver Flächen verschiebt zudem den optimalen Abstand und die optimale Dicke der 
Frontelektrode. Unter einer zusätzlichen Optimierung der Frontkontaktierung, erhöht sich der Anstieg in EY 
durch den Einsatz von eingebetteten FFS weiter auf 3.1 %. 
Prototypen von Einfachsolarzellen aus CuInxGa1-xSe2 (CIGS) und kristallinem Silizium (c-Si) zeigen zwei 
mögliche Ansätze zur Einbettung von FFS in die vorderen Verkapselungsschichten konventioneller 
Solarmodule auf: (1) Prägen von FFS in das polymere Verkapselungsmaterial und Einbetten unter einer 
Glasabdeckung, was zu einer Erhöhung der Kurzschlussstromdichte  eines CIGS-Solarmoduls um 4.1 % bei 
einem GFF inaktiver Flächen von 4.7 % führt, und (2) Einbetten von FFS-Cloaks direkt in das Deckglas durch 
Anwendung der Flüssigglastechnik, die den   von c-Si-Solarzellen um 3.8 % bei einem GFF von 4.4 % erhöht. 
Beide Ansätze stellen eine praktikable Option für die Anwendung von FFS in 2T Perowskit/c-Si-
Tandemsolarmodulen dar. Für 4T Perowskit/c-Si-Tandemsolarmodule ist die Abscheidung der 
Perowskitsolarzelle (PSC) direkt auf der Glasabdeckung vorzuziehen, da sie Frontschichten höherer optischer 
Qualität ermöglicht. Um eine Oberflächenqualität zu erreichen, die die Abscheidung der konformen dünnen 
Schichten einer PSC unterstützt, wird die mit der Flüssigglastechnik hergestellte Glasabdeckung mechanisch 
poliert. Die Herstellung von funktionierenden Perowskitsolarzellen ist jedoch noch nicht erfolgreich. Die 
ii 
optische Charakterisierung bestätigt jedoch das effiziente Tarnen von inaktiven Flächen mittels diesen 
Ansatzes, unterstreicht aber auch die starke Abhängigkeit von optischen Tarnkonzepten von ihrer 
Ausrichtung bezüglich der inaktiven Flächen.  
Im Hinblick auf die zukünftige Entwicklung bleiben die erfolgreiche Abscheidung von PSCs auf 
Glasabdeckungen, die mit der Flüssigglastechnik hergestellt werden, die Verbesserung der Ausrichtung und 
die Aufskalierung der Technologie offene Herausforderungen. 
iii 
Abstract  
Photovoltaics (PV) play an important role in the transformation of the global energy system towards 
renewable energy sources with a smaller CO2 footprint than fossil fuels, which is a key to a sustainable future 
of planet earth. However, such a transformation is mainly driven by the economic competitiveness of a 
technology, for which the levelized cost of electricity (LCoE) is a decisive factor. In recent years, prices for 
solar modules have drastically fallen, so that advancing the power conversion efficiency (PCE) and energy 
yield (EY) of PV systems is of increasing relevance to improve the economic competitiveness of PV.  
One of the limiting factors of state-of-the-art solar modules is power loss originating from inactive areas, 
which are required for minimizing resistive losses of charge transport across the large dimensions of a solar 
module. Optical cloaking concepts have the ability to guide light away from inactive areas and towards the 
active area of a solar module reducing the corresponding power loss. Among various concepts, freeform 
surface (FFS) cloaks stand out as an intriguing technology that promises omnidirectional cloaking and, thus, 
effectively invisible inactive areas.  
This thesis focuses on the development and fabrication of FFS cloaks with the targeted application to 
perovskite/silicon tandem solar modules, which themselves are of highest interest to both research and 
industry since the combination of two absorber materials in a tandem architecture increases the theoretical 
limit in PCE from 29 % for single-junction PV to 46 %. A detailed study of optical losses via optical simulations 
and EY modelling of two-terminal (2T) and four-terminal (4T) perovskite/silicon tandem solar modules in this 
thesis reveals that power losses due to inactive areas are – besides parasitic absorption – one of the major 
optical loss mechanisms of perovskite/silicon tandem solar modules. 
Even though FFS cloaks in an ideal design yield perfect cloaking of inactive areas, they lack compatibility 
with the conventional architecture of solar modules since they exhibit a non-planar surface that increases 
their susceptibility to soiling. To evade any issues associated to soiling, the embedment of FFS cloaks under 
a protective cover glass is suggested and two optimized designs of FFS cloaks are proposed, which 
theoretically boost the power incident on the active area by 3.5 % considering a geometrical filling fraction 
(GFF) of inactive areas of 4 %. However, the ability of omnidirectional cloaking is compromised by the 
proposed designs, which leads to slightly smaller increase in EY under realistic irradiation conditions of 2.4 
% annually. The effective cloaking of inactive areas shifts the optimum spacing and optimum thickness of the 
front electrode. Once the front contacting scheme is optimized additionally, the benefit in EY of employing 
embedded FFS cloaks raises further to 3.1 %. 
Prototypes of CuInxGa1-xSe2 (CIGS) and crystalline silicon (c-Si) single-junction solar cells demonstrate 
two possible approaches to embed FFS cloaks into the front encapsulation layers of conventional solar 
modules: (1) imprinting FFS cloaks into the polymeric encapsulant and covering them under a cover glass, 
which results in a boost in short-circuit current density  of a CIGS solar module by 4.1 % for a GFF of 4.7 %, 
and (2) embedding FFS cloaks directly into the cover glass by applying the liquid glass technique, which 
increases the  of c-Si solar cells by 3.8 % for a GFF of 4.4 %. Both approaches represent a viable option for 
the application of FFS cloaks to 2T perovskite/c-Si tandem solar modules. For 4T perovskite/c-Si tandem solar 
modules, the deposition of the perovskite top-cell directly on the cover glass is preferable since it enables 
optically superior front layers. To achieve a surface quality that supports the deposition of the conformal 
thin films of a perovskite solar cell (PSC), the cover glass fabricated via the liquid glass technique is 
mechanically polished. However, the fabrication of working perovskite solar cells is not yet successful. 
Optical characterization confirms the efficient cloaking of inactive areas via this approach but also highlights 
the crucial sensitivity of optical cloaking concepts to their alignment with the inactive areas.  
In view of future development, the successful deposition of PSCs on cover glasses fabricated via the 









First, I would like to thank my supervisor Dr. Ulrich W. Paetzold for giving me the chance to pursue my PhD 
as one of the first students in his research group “Advanced Optics for Photovoltaics” at the Karlsruhe 
Institute of Technology. I am very grateful for his guidance and the trust he placed in me. Furthermore, I 
would like to thank Prof. Dr. Bryce S. Richards for his continuous support and for creating such a positive and 
productive environment in his division at the Institute of Microstructure Technology.  
Special thanks goes to my colleague Raphael Schmager for the many productive joint projects. The 
numerous scientific and non-scientific discussions that already started during our master thesis will be fondly 
remembered. Moreover, I would like to thank Dr. Martin F. Schumann for sharing his vision of freeform 
surfaces with me and assisting me along the first steps of my PhD. Additionally, I am very grateful to all my 
collaboration partners during my thesis, namely Tobias Abzieher, Thomas Feeney, Ihteaz Hossain, Jonathan 
Lehr  and Prof. Dr. Uli Lemmer from the Light Technology Institute at KIT, Dr. Frederik Kotz, Patrick Risch and 
Prof. Dr. Bastian E. Rapp from the Department of Microsystems at the University of Freiburg, Dr. Daniel A. 
Jacobs from the Australian National University in Canberra, Dr. Florent Sahli from the École Polytechnique 
Fédérale de Lausanne, Dr. Kaining Ding from the Forschungszentrum Jülich, Dr. Erik Ahlswede and Prof. Dr. 
Michael Powalla from Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-Würrtemberg. In 
addition, I am very grateful to my three master students Benjamin Sautter, Pere Casas Soler and David Ritzer 
for their contribution to my thesis and being the first test objects in managing personnel. 
I want to thank the Karlsruhe School of Optics and Photonics for supporting my travels to conferences 
financially and for enabling me to expand my skill set. 
In the beginning of my PhD in 2016, our research group consisted of just three PhD students and our 
supervisor, but with time, the group increased rapidly. I intensively enjoyed the semi-scientific and semi-
social Team Days with my two research groups from the Institute of Microstructure Technology and the Light 
Technology Institute. The new friends I met during my PhD very much enriched my life and I would like to 
thank Tobias Berger, my office companion Marius Jakoby, Roman Lyubimenko, Natalia Kiseleva for sharing 
laughs and adventures outside from working hours. In particular, the two latter I want to thank for the few 
words of Russian that I am now capable of. Finally yet importantly, I would also like to thank Philipp Brenner, 






Ein besonderer Dank gilt zudem natürlich meiner Familie. Ganz besonders meinen Eltern Falko und Simone, 
die mich immer bedingungslos unterstützt haben. Die Freiheit meinen Träumen nachzugehen, haben sie mir 
erst ermöglicht. Auch meinen Geschwistern Maren und Niels bin ich sehr dankbar für ihre mentale 
Unterstützung. Unter anderem durch sie war ich in der Lage alle Sorgen und Probleme, die eine Doktorarbeit 
mit sich bringt für ein paar Momente zu vergessen. Ich bin meiner Freundin Verena unermesslich dankbar, 
dass sie mich während meiner Doktorarbeit begleitet, unterstützt und auch in schwierigen Phasen 
ausgehalten hat. Ihr Verständnis für längere Abende vor dem PC und ihre Einfühlsamkeit in frustrierenden 




List of abbreviations 
PV  Photovoltaic 
LCoE  Levelized cost of electricity 
PCE  Power conversion efficiency 
BOS  Balance of system 
c-Si  Crystalline silicon 
ITRPV  International technology roadmap for 
photovoltaics  
CIGS  CuInxGa1-xSe2 
GFF  Geometrical filling fraction 
FFS  Freeform surface J-V  Current density – voltage 
characteristic 
EQE  External quantum efficiency 
STC  Standard test conditions JSC  Short-circuit current density VOC  Open-circuit voltage 
ETL  Electron transport layer 
HTL  Hole transport layer 
TCO  Transparent conductive oxide 
TMM  Transfer-matrix method 
DLW  Direct laser writing 
TPP  Two-photon polymerization 
IPA  Isopropanol 
PGMEA Propylene glycol methyl ether acetate 
UV  Ultraviolet 
PDMS  Poly dimethyl siloxane 
ALD  Atomic layer deposition 
PFOTS  Trichloro (1H,1H,2H,2H-
perfluorooctyl) silane 
IPA  Isopropanol 
PGMEA Propylene glycol methyl ether acetate 
UV-NIL Ultraviolet nanoimprint lithography 
HEMA  Hydroxy ethyl methacrylate 
POE  Phenoxy ethanol 
TEGDA Tetraethylene glycol diacrylate 
DMPAP 2,2-dimethoxy-2-phenylacetophenone  
EVA  Ethylene vinyl acetate 
Spiro-TTB 2,2',7,7'-Tetra(N,N-di-p-tolyl)amino-
9,9-spirobifluorene 
BCP  Bathocuproine 
AFM  Atomic force microscopy 
AM1.5G Air mass 1.5 global 
EY  Energy yield 




TMY   Typical meteorological year 
NREL   National renewable energy 
laboratory 
MPP   Maximum power point 
SMARTS  Simple model of atmospheric 
transfer of sunlight 
APE   Average photon energy 





ITO   Indium tin oxide 
FTO   Fluorine-doped tin oxide 
NIR   Near-infrared 
ARC   Anti-reflection coating 
LM   Light management 
IZO   Indium zinc oxide 
PTAA   Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine 
SWCT   SmartWire contacting 
technology 
PMMA  Polymethylmethacrylate 
RMS   Root mean square 
PSC   Perovskite solar cell
viii 
List of publications  
Peer-reviewed journal publications as first author or shared first author 
Parts of this thesis have already been published in peer-reviewed scientific journals: 
• M. Langenhorst, M. F. Schumann, S. Paetel, R. Schmager, U. Lemmer, B. S. Richards, M. Wegener, and 
U. W. Paetzold, “Freeform surface invisibility cloaking of interconnection lines in thin-film 
photovoltaic modules,” Sol. Energy Mater. Sol. Cells 182, 294–301 (2018). 
• M. Langenhorst, B. Sautter, R. Schmager, J. Lehr, E. Ahlswede, M. Powalla, U. Lemmer, B. S. Richards, 
and U. W. Paetzold, "Energy yield of all thin-film perovskite/CIGS tandem solar modules," Prog. 
Photovoltaics Res. Appl. 27(4), 290–298 (2019). 
• M. Langenhorst, D. Ritzer, F. Kotz, P. Risch, S. Dottermusch, A. Roslizar, R. Schmager, B. S. Richards, 
B. E. Rapp, and U. W. Paetzold, "Liquid glass for photovoltaics: multi-functional front cover glass for 
solar modules," ACS Appl. Mater. Interfaces 11(38), 35015–35022 (2019). 
The energy yield modelling framework developed for this thesis has been used by the author for simulations 
together with colleagues and collaboration partners, leading to shared first authorships in the following 
publications: 
• J. Lehr, M. Langenhorst, R. Schmager, S. Kirner, U. Lemmer, B. S. Richards, C. Case, and U. W. Paetzold, 
"Energy yield modelling of perovskite/silicon two-terminal tandem PV modules with flat and textured 
interfaces," Sustain. Energy Fuels 2(12), 2754–2761 (2018). 
• R. Schmager, M. Langenhorst, J. Lehr, U. Lemmer, B. S. Richards, and U. W. Paetzold, "Methodology 
of energy yield modelling of perovskite-based multi-junction photovoltaics," Opt. Express 27(8), A507 
(2019). 
• D. A. Jacobs, M. Langenhorst, F. Sahli, B. S. Richards, T. P. White, C. Ballif, K. R. Catchpole, and U. W. 
Paetzold, "Light Management: A Key Concept in High-Efficiency Perovskite/Silicon Tandem 
Photovoltaics," J. Phys. Chem. Lett. 10(11), 3159–3170 (2019). 
Peer-reviewed journal publications as co-author 
Assistance in the characterization of an early prototype of freeform surface cloaks applied to silicon solar 
cells resulted in a co-authorship of the following publication: 
• M. F. Schumann, M. Langenhorst, M. Smeets, K. Ding, U. W. Paetzold, and M. Wegener, “All-Angle 
Invisibility Cloaking of Contact Fingers on Solar Cells by Refractive Free-Form Surfaces,” Adv. Opt. 
Mater. 5(17), 1700164 (2017). 
Furthermore, cooperation in other fields closely connected to light management in photovoltaics led to 
further co-authorships: 
• B. Fritz, M. Guttmann, P. Casas Soler, A. Roslizar, M. Langenhorst, M. Schneider, U. W. Paetzold, B. S. 
Richards, U. Lemmer, R. Huenig,and G. Gomard, "Towards mass fabrication of hot embossed plant 
surface texture replicas as photovoltaic cover layers," in Nanoengineering: Fabrication, Properties, 
Optics, and Devices XV (SPIE, 2018), 10730, pp. 1–17. 
ix 
• S. Dottermusch, D. Busko, M. Langenhorst, U. W. Paetzold, and B. S. Richards, “Exposure-dependent 
refractive index of nanoscribe ip-dip photoresist layers,” Opt. Lett. 44(1), 29-32, (2019). 
• J. Lehr, M. Langenhorst, R. Schmager, S. Kirner, U. Lemmer, B. S. Richards, C. Case, and U. W. Paetzold, 
"Energy yield modelling of perovskite/silicon two-terminal tandem PV modules with flat and textured 
interfaces," Sol. Energy Mater. Sol. Cells accepted (2019). 
Conference contributions 
Parts of this thesis have been presented at international scientific conferences: 
• M. Langenhorst, M. F. Schumann, R. Schmager, J. Lehr, U. Lemmer, M. Wegener, B. Richards, and U. 
W. Paetzold, "Performance of Silicon Solar Cells with Cloaked Contact Fingers under Realistic 
Conditions," Optical Nanostructures and Advanced Materials for Photovoltaics 2017. Boulder (CO), 
United States (6–9 November 2017). Oral presentation. 
• M. Langenhorst, M. F. Schumann, R. Schmager, J. Lehr, U. Lemmer, B. S. Richards, M. Wegener, and 
U. W. Paetzold, "Optimization of encapsulated invisibility cloaks for solar modules," Photonics for 
Solar Energy Systems. Straßbourg, France (23–25 April 2018). Oral presentation. 
• M. Langenhorst, J. Lehr, B. Sautter, R. Schmager, U. Lemmer, B. Richards, and U. W. Paetzold, " Energy 
Yield Modelling of Wide Bandgap Perovskite-Based Tandem Solar Modules," Optics for Solar Energy 
2018. Singapore (5–8 November 2018). Oral presentation. 
• M. Langenhorst, D. Ritzer, F. Kotz, P. Risch, I. Hossain, S. Dottermusch, A. Roslizar, R. Schmager, B. S. 
Richards, B. E. Rapp, U. W. Paetzold, “Advanced optical microstructures embedded in transparent 
encapsulation glass for photovoltaics,” Physics, Simulation, and Photonic Engineering of Photovoltaic 







In the year 2018, the global energy consumption increased by 2.9 %, the largest growth since 2010 and nearly 
double the average growth of the preceding ten years [1]. Based on the continuation of this trend, the global 
energy demand is predicted to increase by more than 25 % until 2040 [2]. In particular, electricity is expected 
to account for the largest share of global energy demand. In view of the threat of climate change and the 
indispensable decarbonisation of energy production, renewable energy sources, such as photovoltaics (PV) 
and wind, are key to a sustainable future of planet earth. However, the transformation of the energy system 
is not a matter of lowest carbon emission in energy production only, but is mainly driven by economics. Here, 
the decisive factor is the levelized cost of electricity (LCoE).  
In the past two decades, a remarkable reduction of fabrication costs of solar modules due to automated 
mass production has led PV to become one of the main driving forces – besides wind energy – that are 
transforming the global electricity mix [2,3]. This progression is caused by the employment of more efficient 
PV technologies, the substitution of expensive materials, and more efficient production processes of solar 
modules that rely on automated mass production and consume less material [4]. The continuous reduction 
of fabrication costs of solar modules manifested itself in a steep learning curve, which states that module 
prices fall by remarkable 24 % with each doubling of cumulative module production [3]. As a result, PV 
outperforms every other energy technology with LCoE as low as 4 €cent/kWh as of 2018, assuming utility-
scale installations (>2 MWp) in Germany [4]. 
To maintain economic competitiveness in the future and to uphold the learning curve, either installation 
costs have to decrease or the power conversion efficiency (PCE) of solar modules has to increase. The former, 
however, is not only determined by module costs but also costs associated to the balance of system (BOS), 
whose share of the total cost increased to more than 50 % due to strong reduction of solar module costs [3].  
Consequently, higher PCEs play a crucial role in sustaining the economic competitiveness of PV on the energy 
market.  
Tandem photovoltaics 
In fact, a trend towards highly efficient solar modules is emerging: (1) the market share of the more efficient 
crystalline silicon (c-Si) heterojunction technology is increasing drastically, (2) the fabrication of bifacial solar 
modules is rapidly growing, and (3) highly-efficient multi-junction – in particular tandem – solar modules 
appear on the International Technology Roadmap for Photovoltaics (ITRPV) [5]. In particular, tandem solar 
modules are heavily investigated in both industry as well as academia since they promise to overcome the 
PCE limit of single-junction PV of approximately 29 % [6,7]. By the combination of two absorbers with 
different bandgaps, the utilizable power density increases significantly compared to single-junction PV as 




Figure 1.1: Maximum utilizable power density out of the AM1.5G spectrum assuming no optical losses of a tandem 
solar cell, which consists of a top- and bottom-cell, compared to a single-junction solar cell. Adapted with 
permission from [9]. © John Wiley & Sons, Ltd. 
Potential candidates for a combination with c-Si in a tandem architecture are III/V semiconductors, such 
as GaAs, and metal-halide perovskites [10–17]. While the use of former results in very high PCEs of up to 
32.8 % [18], the latter have the unique advantage of potentially representing a low-cost add-on technology 
to market-dominating silicon solar cells. The possibility to apply solution-processing techniques promises to 
reduce production costs. High absorption coefficients and excellent electrical properties ensure high 
efficiencies that metal-halide perovskites reach 25.2 % in single-junction configuration [19]. Since 
perovskites comprise an entire material group that are defined by the same crystal structure ABX3 (A = cation, 
B = cation, X = anion), the search for more promising materials is still ongoing [20]. The freedom to engineer 
their composition allows tuning the bandgap of metal-halide perovskite by mixing different halide anions 
such as iodide and bromide according to the application. The resulting bandgap range of roughly 1.55–2.3 
eV covers the predicted optimal bandgap of ~1.7–1.8 eV for silicon-based tandem solar modules [8,21–25]. 
Focused research has successfully pushed the PCE of perovskite/c-Si tandem devices beyond the PCE of their 
respective single-junction bottom-cells [26–32]. The latest certified record PCE of a perovskite/c-Si tandem 
solar cell of 28% set by the company OxfordPV™ [32] already outperforms the record PCE of single-junction 
c-Si solar cells of 26.7% significantly [33]. This development has been quite remarkable, in particular for 
perovskite/c-Si tandem PV, but also for the alternative tandem technology perovskite/CuInxGa1-xSe2 (CIGS) 
[34]. Potentially, perovskite-based tandem PV is capable of even surpassing PCEs of 30 % [35–39]. 
Optical cloaking 
Since LCoE reduce with increasing PCEs of solar modules, research efforts are directed towards maximizing 
the amount of harvestable light per area via the minimization of inactive areas of solar modules. Inactive 
areas are a key requirement for low resistive losses and an efficient transport of generated charge carriers. 
These areas are mainly comprised by metallic contact grids (fingers and bus bars) in conventional silicon PV 
and interconnection lines in thin-film PV. The share of inactive area in the total area of the solar module is 
defined as the geometrical filling fraction (GFF). Metallic contact grids are responsible for the lateral charge 
transport across the large dimensions of a solar module, whereas interconnection lines of thin-film PV 
monolithically connect a large number of individual sub-cell in series and maintain low resistive losses in this 
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way. A detailed overview of optical losses in solar modules – in the context of perovskite/c-Si tandem PV – 
and an evaluation of the potential of reducing the optical impact of inactive areas are provided in Chapter 5. 
Even though, many efforts are dedicated to reduce the optical footprint of inactive areas by modifying the 
cross-section of metallic contact grids [40–44] or by shrinking the scribing lines of the interconnections, these 
inactive areas still add to a GFF of around 5 % [45–51].  
 
Figure 1.2: Overview of various optical concepts to reduce the impact of inactive areas on the current generation 
of solar modules. The concepts exploit (a) diffraction by gratings, (b) reflection by tailored contacts, (c) total 
internal reflection by triangular voids, and (d) refraction by freeform surface cloaks. 
One way to reduce or even to eliminate the optical footprint of inactive areas is to guide incident light 
towards the active areas by optical cloaking concepts. In recent years, various of such concepts have been 
reported in literature that rely on diffractive optics [52,53], reflection [40–42,54,55] and refraction [56–60] 
of incident light. The key requirements for the application of optical cloaking concepts in PV are the effective 
cloaking of inactive areas under solar irradiation on the one hand and the compatibility with the conventional 
architecture of solar modules, which typically consist of a polymeric encapsulant and a planar protective 
cover glass on the other. In view of these requirements, all concepts shown in Figure 1.2 have their 
advantages and disadvantages: 
• Diffractive optics: Diffractive optics (see Figure 1.2a) scatter light incident on the inactive area so that 
only a smaller share of the incident power eventually reaches the inactive area. However, any 
approach to improve light harvesting of solar irradiation based on diffractive optics suffers from its 
strong dependence on the angle of incidence and wavelength [52,53].  
• Tailored contacts: Metallic contacts with triangular cross-sections as depicted in Figure 1.2b 
successfully demonstrate to be effectively transparent [40–42]. Yet, the fabrication of tailored 
contacts remains challenging [61,62] compared to screen-printed contacts. In addition, tailored 
contacts only pose a potential solution for metallic contact grids of silicon PV and not to the 
interconnection lines of thin-film solar modules.  
• Triangular voids: The sidewalls of triangular voids (see Figure 1.2c) embedded into the encapsulant 
of a solar module redirect light towards the active area by total internal reflection [54,55]. To maintain 
total internal reflection for all angles of incidence, triangular voids require a large aspect ratio (height 
divided by base width) of ~4.8. Cloaking metallic contact fingers with a typical width of ~40 µm via 
the incorporation of triangular voids into the polymeric encapsulant seems feasible, since the 
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minimum height of a triangular void placed directly on top of the inactive area of ~200 µm (base 
width of 40 µm times aspect ratio of 4.8) remains below common thicknesses of polymeric 
encapsulants of 400 – 460 µm [5]. However, the usually ~200 µm-wide interconnection lines of thin-
film solar modules pose a fundamentally different problem, since triangular voids for cloaking such 
large dimensions are too large to be incorporated into the encapsulant. Moving the triangular void 
from the encapsulant further away from the inactive area into the cover glass only intensifies this 
problem.  
• Prismatic covers: Prismatic covers [56–59] and freeform surface (FFS) cloaks [60] exploit refraction to 
guide incident light towards the active areas of a solar module via a distinctly curved surface. First 
prototypes of FFS cloaks exhibit an excellent ability to hide inactive areas and the concept is 
theoretically applicable to both metallic contact fingers of silicon PV and interconnection lines of thin-
film PV [60,63,64]. However, the non-planar surface of FFS cloak is not compatible with the 
conventional architecture of solar modules, since the groove of the FFS cloak indicated in Figure 1.2d 
is prone to soiling and the accumulation of dirt. To circumvent soiling, conventional solar modules 
typically feature a planar protective cover glass. A solution to this problem may be the embedment 
of FFS cloaks into either the polymeric encapsulant or the cover glass as a void. This way, the solar 
modules maintain a planar front surface. Due to the flexibility in the design of freeform surfaces, FFS 
cloaks can assume a geometry of dimensions that are compatible with the architecture of commercial 
solar modules contrary to triangular voids. 
This thesis focuses on optical cloaking of inactive areas of solar modules in the context of perovskite/c-
Si PV by means of FFS cloaks. In particular, the development of designs of FFS cloaks compatible with the 
conventional architecture of state-of-the-art solar modules via embedding the FFS into one of the 
encapsulation layers is pursued. In addition, the establishment of fabrication techniques for durable FFS 
cloaks that are potentially applicable for large-scale fabrication is targeted. To begin with, the potential 
improvement in annual power output is studied in detail and compared to other optical loss mechanisms. 
Subsequently, this thesis develops the basic understanding of the working principle of FFS cloaks that is 
required to design embedded FFS cloaks. Further optical simulations highlight the impact of embedded FFS 
cloaks on the performance of solar modules under realistic conditions and discusses how FFS cloaks possibly 
open up the way to new electrical connection schemes. Moreover, various prototypes of conventional c-Si 
solar cells, as well as CIGS and perovskite thin-film solar modules, are fabricated and a process to embed FFS 
cloak into the robust front cover glass is established.  
Outline 
In Chapter 2, the theoretical background of this thesis is established. The chapter discusses the working 
principle of PV introduces the device architectures of the PV technologies used in this work. Furthermore, 
the fundamentals of light propagation in matter are recapitulated. Then, the design principle of FFS cloaks is 
described mathematically. In Chapter 3, the fundamental simulation methods are described. In addition, this 
chapter provides a description of the relevant experimental techniques and characterization methods. 
Chapter 4 discusses the energy yield modelling framework applied in this work with a focus on the optical 
simulation module, which the author developed within this thesis. 
An analysis and quantitative comparison of optical loss mechanisms of perovskite/c-Si tandem solar 
modules based on optical simulations and energy yield modelling is presented in Chapter 5. Subsequently, 
the working principle of bare and embedded FFS cloaks is investigated in Chapter 6. Furthermore, the FFS 
cloaks are analyzed with regard to their impact on solar modules under realistic irradiation conditions. Again, 
energy yield modelling is applied to quantify the benefit of guiding incident light into active areas via FFS 
cloaks. In addition, a new contacting scheme for solar modules enabled by FFS cloaks is proposed and 
discussed. Prototypes of FFS cloaks that effectively guide incident light towards the active area are shown in 
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Chapter 7. These are applied to CIGS and perovskite thin-film solar modules as well as encapsulated c-Si solar 
cells, since each PV technology has different requirements with regard to the fabrication techniques of FFS 
cloaks and the approach to embed them into conventional architecture of the respective solar modules.   
Chapter 8 summarizes the results and discusses them in the context of the current literature and 
developments in the field of PV. Furthermore, the key challenges for a large-scale fabrication of FFS cloaks 





This chapter provides an overview of the fundamentals of photovoltaic (PV) energy conversion and light 
interaction with matter. In the first section, the working principle of single-junction and tandem 
photovoltaics – alongside the investigated PV technologies – is briefly reviewed. The second section 





In this section, photovoltaic energy conversion in solar cells is described briefly. For an in-depth description 
of the theory of solar cells, the basics of photovoltaic energy conversion and semiconductor physics please 
refer to corresponding textbooks [65,66]. 
2.1.1 Working principle 
Photovoltaic energy conversion relies on the absorption of solar irradiation in a semiconductor. The 
absorption of a photon induced via the excitation of an electron from one energy state to another creates 
an electron-hole pair. In semiconductors, the range of possible energy states of electron is interrupted by 
the bandgap with the energy , which is characteristic for a semiconductor. Consequently, photons have 
to carry an energy larger than the bandgap with it to be absorbed in the semiconductor as illustrated in 
Figure 2.1a. The energy range above this bandgap is the conduction band and the energy range below is the 
valence band. Photons with energies smaller than the bandgap cannot be absorbed and simply pass through 
the semiconductor or are reflected at its interfaces. Electrons excited by a photon with an energy larger than 
the bandgap relax to the band edge by generating phonons. The energetic distribution or the probability of 
electrons occupying a state with the energy  is described by the Fermi distribution function (see Figure 
2.1b) with the characteristic Fermi energy , at which exactly half of the states are occupied.  
In a solar cell, the absorber is connected to an n-type and a p-type conductor.  Usually, the excess of 
donors is described as n-type and the excess of acceptors as p-type. Together, this architecture forms p-i-n 
junction. The absorber itself can also be doped, leaving only the simpler case of a p-n junction. Since most of 
the applied PV technologies investigated in this thesis employ p-i-n junctions, the subsequent review of 
photovoltaic energy conversion is based on this junction. 
 
Figure 2.1: (a) Illustration of the electronic band structure of semiconductors with a bandgap () between the 
valence band () and the conduction band () and (b) the Fermi distribution function, which defines the 
probability of an electron occupying a state with the energy . 
The generated electron-hole pairs are separated and directed towards their corresponding terminals by 
a gradient in the electrochemical potential, which describes the two forces acting on charges carriers in a p-
i-n junction: (1) drift due to a gradient in the electrical energy and (2) diffusion due to an inhomogeneous 
charge distribution [65]. The electrochemical potentials of electrons and holes are identified by their quasi-
Fermi energies , and ,, which split up in an illuminated solar cell as depicted in Figure 2.2a.  
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Figure 2.2: Typical band diagram of (a) single-junction solar cell and (b) a monolithic tandem solar cell under 
illumination at open circuit conditions. Both solar cells exhibit a heterojunction, which is commonly employed in 
perovskite and c-Si solar cells.  
In the monolithic tandem solar cell, a constant charge current is maintained by the recombination of 
electrons generated in the top-cell and holes originating from the bottom-cell in the recombination junction 
(see Figure 2.2b) that is located in between the two sub-cells. 
2.1.2 Solar cell parameters 
The performance of solar cells is most commonly identified by two key parameters: (1) the power conversion 
efficiency (PCE) and (2) the external quantum efficiency (EQE). The former is determined via a measurement 
of the current density–voltage (J-V) characteristic (see Figure 2.3) of the solar cell, which provides 
information about the maximum power  that is extractable from the device. This measurement is 
performed under standard test conditions (STC), which involves an ambient temperature of 25°C and an 
illumination at normal incidence with a global air mass 1.5 (AM1.5G) reference spectrum with an overall 
intensity of 1000 W/m² [67,68]. The PCE is defined as the ratio of  divided by the incident power  
under STC: 
PCE     ∙  ∙  , (2. 1) 
which can also be expressed in terms of short-circuit current density , open-circuit voltage  and the fill 
factor    ( ∙ )⁄ .  
 
Figure 2.3: Typical J-V characteristic of a crystalline silicon solar cell with the maximum extractable power  
indicated by the grey rectangle. 
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The EQE is a more appropriate figure of merit for the identification of spectrally dependent effects since 
it refers to the probability of a photon of a specific wavelength to be converted into an extracted charge 
carrier by a solar cell. It is given by: 
EQE(%)  &(%)' ∙ ((%) , (2. 2) 
where & is the generated photocurrent, ' the elemental charge and ( the incoming photon flux. Since 
usually no voltage is applied during the measurement of the EQE, the integral of the product of EQE and 
solar spectrum corresponds to the .  
Figure 2.4 shows the EQE of a simulated perovskite/c-Si tandem solar cell. The deduction of many 
important conclusions is possible by analyzing it. One evident feature is, for example, that the perovskite 
top-cell does not absorb any light below its bandgap at around 800 nm. Furthermore, for wavelength shorter 
than 500 nm all photons are already absorbed by the perovskite top-cell before even reaching the c-Si 
bottom cell. Another important spectral region of the EQE is the range above 1000 nm, where the quality of 
light trapping in the c-Si bottom-cell, which is the ability to trap photons inside the absorber for increased 
absorption, affects the EQE crucially.  
 
Figure 2.4: Illustration of the EQE of a simulated perovskite/c-Si tandem solar cell. The individual contributions of 
the perovskite top solar cell (red) and the c-Si bottom solar cell (blue) are indicated. 
2.1.3 Device architecture 
Owing to the variety of photovoltaic technologies employed in this thesis, this section provides an overview 
of all relevant architectures and contacting schemes. Firstly, the device architecture of perovskite solar cells 
commonly exhibits a heterojunction, which consists of an absorber, a n-doped electron transport layer (ETL) 
and a p-doped hole transport layer (HTL) as indicated in Figure 2.5a. This n-i-p junction is fabricated on a 
glass substrate covered with a transparent conductive oxide (TCO) acting as the front electrode. The 
architecture is completed with either an Au rear contact for opaque solar cells or another TCO for 
semitransparent devices [10,69].  
One of the major advantages of thin-film PV lies in the possibility to manufacture integrated circuit 
designs via a monolithic interconnection of a number of individual cell-stripes on large areas. This approach 
maintains low currents, which go hand in hand with low resistance losses, across an entire module, while it 
enables modules with higher voltages at the same time. The interconnection consists of three scribing lines 
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P1, P2 and P3 and connects the rear contact of cell n with the front contact of cell n+1 [70]. This way, current 
flows in the lateral direction through all cell stripes. 
In c-Si solar cells, the heterojunction architecture is, apart from other architectures, also widespread. 
The heterojunction, shown in Figure 2.5b, is formed by the deposition of selective and passivating contacts 
consisting of intrinsic as well as n- and p-doped hydrogenated amorphous silicon (a-Si:H). A TCO and an Ag 
layer constitute the rear contact. For the charge transport, a metal grid, which most commonly consists of 
Ag, covers the front TCO. 
Thin-film CuInxGa1-xSe2 (CIGS) solar cells are the third PV technology applied in this thesis since they pose 
a thin-film alternative for the c-Si bottom cell. Additionally, CIGS solar modules were the only monolithically 
interconnected thin-film technology available at the time of this thesis and thus serve as a guideline for 
optical cloaking of monolithic interconnections in perovskite solar modules. The core of their architecture, 
sketched in Figure 2.5c, is composed of a p-doped CIGS absorber and an n-doped cadmium sulfide (CdS) 
buffer. This p-n junction is processed on top of a molybdenum-covered glass substrate. Intrinsic zinc oxide 
(i-ZnO) and aluminum-doped zinc oxide (ZnO:Al) embody the front electrode. As outlined above, monolithic 
interconnections replace metallic finger grids for the charge extraction in thin-film PV technology of CIGS. 
 
Figure 2.5: Architecture of single-junction (a) perovskite, (b) crystalline silicon and (c) CIGS solar modules. The thin-
film PV technologies – perovskite and CIGS – are monolithically interconnected. An identification of the 
interconnection lines P1, P2 and P3 is provided in (a) and the same applies for (c). 
In Chapter 1, it is outlined that the combination of two absorber materials with different bandgaps 
allows for the creation of tandem solar modules, which exhibit a higher theoretical limit in PCE than the 
individual PV technologies in isolation. Flat-plate tandem solar modules commonly employ two distinct 
architectures, which are illustrated in Figure 2.6: (1) the monolithically-stacked 2-terminal (2T) architecture 
and (2) the mechanically-stacked 4-terminal (4T) architecture. The name of the former originates from the 
fact that it employs only two electrical terminals for the current extraction. In this architecture, generated 
charge carriers either flow to the two contacts or to the intermediate recombination junction that connects 
both sub-cells. Owing to this series connection of the top and bottom sub-cells, the lower current density 
out of both sub-cells limits the maximum extractable current density, which is referred to as current 
matching. In the 4T configuration, the existence of an insulating, optical spacer the latter enables an 
individual electrical connection of both sub-cells, which circumvents current matching entirely. The 
individual connection also entails to integrate the monolithic interconnection the thin-film perovskite top-





Figure 2.6: Architecture of perovskite/c-Si tandem PV modules in (a) the 2T and (b) the 4T configuration. Depending 
on the architecture, either metallic contact fingers or monolithic interconnections are employed. 
The last feature that distinguishes solar modules optically from solar cells is the module encapsulation. 
In single-junction c-Si PV, a combination of a polymeric encapsulant and a robust cover glass is the standard. 
The same encapsulation strategy is compliant with the 2T configuration since the perovskite top-cell is 
directly processed on top of the c-Si bottom-cell. In contrast, the perovskite top-cell is fabricated separately 
on glass superstrates for the 4T configuration, which eliminates the need of a polymeric encapsulant to bond 
the cover glass and the solar cell. 
A more detailed evaluation of state-of-the-art perovskite/c-Si tandem solar modules, which discusses 
the implications of the configurations and architectures on optical losses, material and processing 
constraints as well as on the power output under realistic conditions, follows in Chapter 5. 
2.2 Light propagation in matter 
This section outlines the theory of light interaction with matter briefly and is the basis for the methods 
applied in optical simulations of perovskite/c-Si tandem solar modules that are discussed in Section 4.3. 
2.2.1 Electrodynamics 
In 1865, James Clerk Maxwell laid the foundation for today’s understanding of electromagnetics with a set 
of partial differential Equations [71,72]. These so-called Maxwell’s Equations describe the temporal and 
spatial evolution of two vectorial fields: (1) the electric field )(*, +) and (2) the magnetic field ,(*, +). 
Maxwell’s Equations in homogeneous, isotropic materials from a macroscopic point of view are: 
- . ,(*, +)  /0(*, +)/+ 1 23(*, +),   (Ampére's circuital law) (2. 3)- . )(*, +)  6 /7(*, +)/+ ,   (Faraday's law of induction) (2. 4)- ∙ 7(*, +)  0,   (Gauss' law for magnetism) (2. 5)- ∙ 0(*, +)   ;3(*, +),  (Gauss' law) (2. 6)
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where 0(*, +) is the dielectric displacement, 7(*, +) the magnetic induction, 23(*, +) the free electric current 
density and ;3(*, +) the free charge density. In isotropic media with a linear response to external fields, 
Maxwell’s Equations are complement by constitutive relations: 0=(*, >)  ?@?A(*, >))=(*, >), (2. 7)7=(*, >)  C@CA(*, >),= (*, >), (2. 8)2̅3(*, >)  F(*, >))=(*, >), (2. 9)
 
where )=(*, >)  HIJ K )(*, +)'LMNO+PQRQ  is the Fourier transform of the electric field )(*, +) in the time 
domain and > the angular frequency of a specific wave. The same correlation applies to 0=(*, >), 7=(*, >), ,= (*, >) and 2̅3(*, >). Additionally, ?@ is the vacuum permittivity, ?A(*, >) the dielectric function, C@ the 
vacuum permeability and CA(*, >) the frequency-dependent relative permeability, while F(*, >) denotes 
the electrical conductivity.  
In non-magnetic (CS  1) and lossless homogeneous media (?A(*, >)  ?A(>)   ℜU?A(>)V) without 
free charges (;3(*, +)  0) and without free current density (23(*, +)  0), Maxwell’s equations can be 
transformed into the Helmholtz wave equations: 
∆)=(*, >) 1 >IXI ?A(>))=(*, >)   0, (2. 10) 
∆,= (*, >) 1 >IXI ?A(>),=(*, >)   0. (2. 11) 
The general solution of these Helmholtz Equations is a linear superposition of plane waves: )=(*, >)  Y(Z, >)eLZ∙*, (2. 12) 
,= (*, >)  \(Z, >)eLZ∙*, (2. 13) 
where Y and \ are the amplitudes of the plane waves and Z is the corresponding wave vector. Considering 
only waves travelling in one direction, the solution of the electric and magnetic fields is then: 
)(*, +)  ] ^_ Y(Z, >)eL(Z∙*RMN)O>PQRQ ` , (2. 14) 
,(*, +)  ] ^_ \(Z, >)eL(Z∙*RMN)O>PQRQ ` . (2. 15) 
The wave vector Z correlates to the complex refractive index ab according to the dispersion relation: c  |Z|  >|ab| X⁄ (2. 16) 
It is evident from the dispersion relation that a complex refractive index  ab  √?A  a 1 f ∙ g with a non-vanishing imaginary part, the extinction coefficient g, leads to an attenuation 
of the intensity h(O) of the propagating electromagnetic waves according to the Beer-Lambert law [73]: 
h(O)  h@'Rij  h@'RkJlm j, (2. 17) 




Figure 2.7: (a) Schematic of the propagation of light at an interface between two dielectrics with the refractive 
indices a and ap. (b) Illustration of the orientation of the electric field ) and the magnetic field , with regard to 
the interface between the two dielectrica. 
Beyond the propagation and absorption of light inside a single media, interfaces between two dielectrics 
with different refractive indices, a and ap, reflect and refract light at such interfaces as illustrated in Figure 
2.7a. The direction of the wave vectors of the reflected wave ZA and the transmitted wave Zp are well 
described via Snell’s law [73], which states that the components of the wave vector parallel to the interface 
of an incident wave remains constant under reflection and transmission. Mathematically, this is tantamount 
with: a sin t  ap sin tp , (2. 18) 
where t and tp are the propagation angles of the incident and transmitted wave. Because of this relation, 
the propagation angle of the reflected wave tA and the incident angle t are the same since the reflected 
wave stays within the starting medium. 
It is apparent that the wave somehow splits at an interface but this splitting only affects the amplitude 
of the waves. The amplitudes of the reflected and transmitted wave are linked to the one of the incident 
wave via the amplitude reflection and transmission coefficients, uv, and +v,, according to Fresnel’s Equations 
[73]: 
uv  a cos t 6 ap cos tpa cos t 1 ap cos tp      ,     u  ap cos t 6 a cos tpap cos t 1 a cos tp (2. 19) 
+v  2a cos ta cos t 1 ap cos tp      ,     +  2a cos tap cos t 1 a cos tp (2. 20) 
Since the orthogonal electric and magnetic field may have various orientations with regard to the 
interface, the amplitude of transmitted and reflected waves depend on it. The extreme cases, illustrated in 
Figure 2.7b, are s-polarization, in which the electric field is parallel to interface, and p-polarization, where 
the magnetic field points parallel to the interface. All orientations in between these extreme cases are linear 
superpositions of both cases. The observable quantities at such an interfaces are on the one hand the 
reflectivity y: yv,  zuv,zI , (2. 21) 
and on the other hand the transmittivity {: 
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s-polarization: {  ℜ|abp cos tp}ℜ⌊ab cos t⌋ |+|I, (2. 22) 
p-polarization: {  ℜ|abp cos tp∗}ℜab cos t∗ |+|I. (2. 23) 
They link the intensities of the transmitted and reflected wave to the intensity of the incident wave rather 
than the respective amplitudes. 
2.2.2 Thin-film interference  
Propagating electromagnetic plane waves spontaneously change their phase after a certain amount of time  and thus the superposition of multiple plane waves loses its phase correlation. If, however, the thickness 
of a medium is smaller than the distance the wave can travel during , the so-called  coherence length , the 
phase correlation of electromagnetic waves results in the appearance of interference [73]. Therefore, this 
interference is also often referred to as thin-film interference. 
In Figure 2.8, the mechanism of thin-film interference is illustrated. Let us imagine a layer stack 
consisting of three media with the refractive indices aH, aI and a. Light hitting the first interface at position 
A splits into a reflected and a transmitted part. If the transmitted part is subsequently also reflected at the 
next interface at position B, the reflected light is then partially transmitted back into the starting medium. 
Here, the light reflected at the second interface acquired a certain phase while travelling through the thin 
film. Consequently, the reflected light from the first and the second interface may well be out of phase. Thus, 
their superposition leads to maxima and minima of the overall field amplitudes and interference patterns 
arise. The consideration of this phenomena is therefore of vital importance for the calculation of light 
propagation in thin-film multi-layer stacks.  
 
Figure 2.8: Illustration of constructive interference of reflected light at a thin film with the refractive index aI. 
2.3 Design of freeform surface cloaks 
The design of smooth freeform surface cloaks was developed by Schumann et al. [60]. In the following, the 
derivation of the height profile is briefly recapitulated according to Ref. [60] and its Supporting Information 
with the addition of some corrections that are mentioned later on.  
As illustrated in Figure 2.9, the design of a smooth freeform surface relies on a one-dimensional 
coordinate transformation of the coordinates  that are located in the interval |0, yI} onto a smaller interval |yH, yI} with the transformed coordinates ′. This transformation mathematically represents the design goal 
of hindering photons to hit the inactive area in the region ||  yH and guiding them into the region |yH, yI} 
with a homogeneous spatial distribution. This is achieved via refraction of light at the surface of the cloak. 
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Due to the reflection symmetry of the targeted freeform surface, the coordinate transformation in the 
negative -range is a mirror image of the positive -range. 
 
Figure 2.9: Illustration of the one-dimensional linear coordinate transformation  → ′, which maps the 
coordinates of the interval |0, yI} onto a new interval |yH, yI}. The resulting angular distribution n() is obtained 
via a smooth freeform surface with the height profile (), where () indicates the local inclination angle of the 
freeform surface.  
Following the transformation for the axial component of the cloaking transformation from a point to a 
circle by Pendry et al. [74], the one-dimensional linear coordinate transformation for   0 can be written 
as: 
  yI 6 yHyI  1 yH. (2. 24) 
In the range ||  yI applies ′  . The coordinates of the height profile , () are connected to the 
targeted hit location in the active area (’, 0) via the angle n(): 
tan(n)  () 6 () , (2. 25) 
as illustrated in Figure 2.9. Substituting ′ in Equation (2.25) by Equation (2.24) results in: 
tann()  yH() 1 6 yI , (2. 26) 
which is in contrast to the results reported in the Supporting Information of Ref. [60]. There, n() is 
mistakenly confused with the local surface inclination angle (). This local inclinate angle  arctan(O O⁄ ) leads to the correlation of the height  at point  with the height @ at point 0 and the 
inclination profile (): 
()  @ 1 _ tan(b)@ Ob. (2. 27) 
Inserting Equation (2.27) into Equation (2.26) results in a nonlinear differential equation for (): yH 1 6 yItan () 6 arcsin sin()a  ¡¡
6 @  _ tan(b)@ Ob. (2. 28) 
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This Equation can be solved numerically by discretizing the integral on the right side into equidistant intervals 
of the size ∆ and splitting it recursively according to: 
hL  hLRH 1 _ tan(b)¢¢£¤ Ob ≈ hLRH 1 tan(LRH) ∙ ∆, (2. 29) 
with: 
hL  _ tan(b)¢0 Ob. (2. 30) 
The discretized height profile (L)  @ 1 hL can thus be calculated iteratively starting from   0, for 
which the integral on the right side of Equation (2.28) vanishes.  
The choice of the three parameters yH, yI and @ underlies some constraints. Firstly, the cloaked region yH must be larger than the width ¦ of the inactive area but smaller than half the spacing in between two 
adjacent inactive areas ¦ 2§⁄ , where § denotes the GFF of inactive areas: yH¦ ∈ ©12 , 12§ª . (2. 31) 
Furthermore, the upper limit also applies to the lateral extent of the FFS cloak yI. The lower limit is 
defined by yH itself [60]: yI¦ ∈ ©yH¦ , 12§ª . (2. 32) 
Lastly, the minimum distance between the FFS cloak and the inactive area is constraint by the fact the 
inclination angle () must always be smaller than 90°, in particular at   0. By transforming Equation (2.28) at this point with (0)  90°, a lower limit for (0) can be obtained: @yH  ©tan 90° 6 arcsin  1a ªRH . (2. 33) 
For perpendicular incidence of light, an upper limit for (0) is obsolete. Simulations of the average annual 
improvement performed by Schumann et al. indicate an optimum when yI is maximal while yH and (0) 






This section describes all applied methods for optical simulations of light propagation in matter, the 
techniques used for the fabrication of the investigated optical concept, namely freeform surface cloaks. 
Furthermore, the experimental methods used to characterize prototypes with cloaked contact fingers and 
interconnection lines of solar cells are briefly outlined.  
3 Methods 
20 
3.1 Fundamental optical simulation methods 
The optical simulations for energy yield modelling performed in this thesis rely on various simulation 
methods, which are combined and intertwined for the simulation of the complex architectures of perovskite-
based tandem solar modules. For the optical simulation of freeform surfaces, rigorous raytracing is applied. 
This section thus focuses exclusively on the basic simulation methods: (1) the transfer-matrix method (TMM), 
(2) the Beer-Lambert law, (3) geometrical raytracing and (4) rigorous raytracing. The methodology of optical 
simulations of perovskite-based tandem solar modules is provided in the Section 4.3 on the methodology of 
energy modelling of perovskite-based tandem solar modules. 
3.1.1 Incoherent “optically-thick” layers: Beer-Lambert law 
In layers with a thickness significantly larger than the wavelength, planar waves do not interfere with each 
other since they lose their phase correlation after travelling a certain distance through a single medium. The 
loss of phase correlation originates from the fact that propagating waves can be described as planar waves 
with a distinct phase correlation only for a certain amount of time or distance since spontaneous changes in 
phase occur [73]. This distance is often referred to as the coherence length of light. For layer thicknesses 
significantly larger than the coherence length, absorption of light is sufficiently described by the Beer-
Lambert law: h(O, %)  h@ ∙ 'Ri(m)∙j, (3. 1) 
where h@ is the intensity at the starting position and h(O, %) is the intensity after passing the distance O. It 
states that the propagating intensity declines exponentially with the distance O travelled inside a medium 
depending on its absorption coefficient n. 
3.1.2 Multi-layer thin-film stacks: the transfer-matrix method 
The wave characteristic of light, outlined in Section 2.2.1, becomes especially noticeable in multi-layer thin-
film layer stacks with layer thicknesses in the same range as the wavelength of propagating light. Interference 
patterns appear by the superposition of forward and backward moving plane waves generated by multiple 
reflections at the many interfaces present in a multi-layer stack as illustrated in Figure 3.1. The TMM provides 
a simple formalism to calculate the light propagation in such multi-layer stacks by relating the amplitudes of 
the electric field at different positions in the stack via a product of 2 x 2 matrices [75,76]. 
When considering incoming waves from both sides of a single interface between the media a and a 11, the amplitudes of the outgoing waves ¬  and ¬PHP  are a superposition of the amplitude of the reflected 
wave in this medium (¬P u¬,¬PH and ¬PHR  u¬PH,¬) and the amplitude of the wave transmitted from the second 
medium (¬PHR +¬PH,¬ and ¬P+¬,¬PH): ¬PHP  ¬P+¬,¬PH 1 ¬PHR u¬PH,¬ (3. 2) 
and  ¬R  ¬PHR +¬PH,¬ 1 ¬Pu¬,¬PH . (3. 3) 
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Figure 3.1: Schematic of the principle of the transfer-matrix method for the calculation of propagating 
electromagnetic waves with the amplitudes L in a multi-layer thin-film stack with the refractive indices aL. 
Applying the identities u¬,¬PH  6u¬PH,¬ and +¬,¬PH+¬PH,¬ 6 u¬,¬PHu¬PH,¬  1, which result from Equations (2.19) and (2.20), these Equations can be written as: 
¬P¬R  0¬,¬PH ¬PHP¬PHR   1+¬,¬PH © 1 u¬,¬PHu¬,¬PH 1 ª ¬PHP¬PHR  . (3. 4) 
The interface matrix 0¬,¬PH thus describes the reflection and transmission occurring at this interface and 
links the corresponding amplitudes of both the electric field just before and just behind the interface. The 
field amplitudes at the start and at the end of the a-th layer are connected by the propagation matrix ­¬: 
¬P¬R  ­¬ ¬P¬R  ©exp(6f°¬) 00 exp(f°¬)ª ¬P¬R , (3. 5) 
where °¬  IJ¬b±j±m  is the phase accumulated by passing through the a-th layer. Given a non-zero imaginary 
part of the complex refractive index ab, ­¬  describes the absorption of propagating light. By iteratively 
multiplying the 2 x 2 propagation and interface matrices, the TMM pursues the path of light and 
consequently links the field amplitudes in the starting and end media according to: 




 µ ³PHP³PHR   .
(3. 6) 
This Equation needs to fulfill the following boundary condition: 
1u  µ +0  ©¶@@ ¶@H¶H@ ¶HHª +0 . (3. 7) 
This Equation states that there is no light source in the end medium and thus no backward running wave in 
it (³PHR  0). Furthermore, the amplitude of the incoming wave in the starting medium @P is unity and the 
amplitude of the reflected wave @R and the transmitted wave ³PHP  are the amplitude reflection and 
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transmission coefficients, u and +, of the entire stack. These can then be expressed in terms of the matrix 
elements of µ: +  1 ¶@@⁄      ,     u  ¶H@ ¶@@⁄ . (3. 8) 
The overall transmittance { and reflectance y are correlated to the amplitude coefficients according to 
Fresnel’s Equations (2.21) - (2.23). Via these Equations, the TMM also considers the polarization of incident 
light. Unpolarized light is considered as a superposition of p-polarized and s-polarized light. 
The last parameter of relevance is the absorptance · in each individual layer. The subtraction of the net 
power flowing through both interfaces of the a-th layer allows the calculation of its absorptance. The net 
power flux at a given position in the multi-layer stack is mathematically represented by the normal 
component of the time-averaged Poynting vector 〈¹¬〉» ∙ ¼½ [76]. For the s-polarization, we obtain the 
following: )¬  ¬P¾½ 1 ¬R¾½,¬ ∝ ab¬P(6 cos t À½ 1 sin t ¼½) 1 ab¬R(cos t À½ 1 sin t ¼½)〈¹¬〉» ∙ ¼½  12 Re|¼½ ∙ ()∗ . ,)} ∝ ReÂ¬P∗ 1 ¬R∗(¬P 6 ¬R)ab cos tÃ
(3. 9) 
For reasons of simplicity, the normal component of the Poynting vector is normalized to the total incident 
power @P  1 and @R  0: 
〈¹¬〉» ∙ ¼½  ReÂ¬P∗ 1 ¬R∗(¬P 6 ¬R)ab cos tÃRe|ab@ cos t@}  . (3. 10) 
Analogue, for p-polarization: )¬  ¬P(cos t À½ 6 sin t ¼½) 1 ¬R(6 cos t À½ 6 sin t ¼½),¬ ∝ ab¬P¾½ 1 ab¬R¾½〈¹¬〉» ∙ ¼½  12 Re|¼½ ∙ ()∗ . ,)} ∝ ReÂ¬P∗ 6 ¬R∗(¬P 1 ¬R)ab cos t∗Ã .
(3. 11) 
In the same way as for s-polarization, 〈¹〉» ∙ ¼½ is normalized to the total incident power:  
〈¹¬〉» ∙ ¼½  ReÂ¬P∗ 6 ¬R∗(¬P 1 ¬R)ab cos t∗ÃRe|ab@ cos t@∗}  . (3. 12) 
The absorption in the a-th layer is then nothing else then a mere subtraction of the Poynting vectors at the 
beginning of two adjacent layers: ·¬  〈¹¬〉» ∙ ¼½ 6 〈¹¬PH〉» ∙ ¼½ . (3. 13) 
Finally, all relevant parameters of the optical performance of a thin-film multi-layer stack are obtained using 
the TMM. 
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3.1.3 Pyramidal textures: geometrical raytracing 
The high degree of symmetry of microscopic, pyramidal textures allows the application of geometrical 
raytracing as proposed by Baker-Finch and McIntosh [77]. Geometrical raytracing is a simple approach that 
exploits geometrical principles of pyramidal textures and enables the rapid calculation of their impact on the 
overall reflectance of an interface. Due to the high symmetry of pyramids, incoming light propagates along 
a very limited number Ä of precisely predictable paths through these textures as illustrated in Figure 3.2 for 
(a) regular upright and (b) inverted pyramids.  
 
Figure 3.2: Illustration of the principle of geometrical raytracing. Depending on the location that an incident ray 
hits inside the pyramidal texture, only a characteristic path (A, B or C) is possible. For regular upright pyramids (a) 
and inverted pyramids (b), the corresponding areas at normal incidence are shown schematically. 
The overall reflectance y is then given by the summation of the reflectance along all characteristic paths: 
y  Å ÆLyL³L´H  , (3. 14) 
where ÆL  is the probability and yL  the reflectance of path f. If the textured interface is covered with one or 
more thin films, the TMM, outlined in Section 3.1.1, needs to be applied to calculate the reflectance yL  for 
all intersections along each individual path. Otherwise, the calculation according to the Fresnel Equations 
(see Equations (2.19) and (2.20) in Section 2.2.1) suffices. The determination of the overall transmittance { follows the same considerations: 
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{  Å ÆL{L³L´H  , (3. 15) 
Representative for other textures, the characteristic paths A, B and C of inverted pyramids at normal 
incidence illustrated in Figure 3.2b. The path data for inverted, regular upright and random upright pyramids 
used in this thesis are extracted from the optical simulator OPAL 2 [78,79]. An extract of this data for normal 
incidence is provided in Table 3.1. Furthermore, it needs to be pointed out that light travelling through 
pyramidal textures is assumed to be always fully unpolarized and polarization due to reflection proposed by 
Yun et al. [80] is not considered.  
While the determination of the characteristic paths of inverted and regular upright pyramids follows this 
basic geometrical analysis, random upright pyramids rely on geometrical raytracing [77]. This computational 
method considers a series of adjacent pyramids that feature a random height and are randomly displaced 
with regard to each other in vertical and horizontal direction. Nonetheless, even these random textures only 
allow a limited set of characteristic paths, which limits the overall computational effort for the simulation of 
textured perovskite-silicon tandem solar modules.  
Table 3.1: Characteristic paths of light impinging on an inverted pyramidal texture at normal incidence, which are 
characterized by a distinct number of intersections and an exit angle. 
Path Path probability ÆL  Angle of intersection (°) Exit angle (°) 
1 2 3 
A 0.5924 54.7 15.8 - 39.0 
B 0.4001 54.7 78.9 33.5 31.6 
C 0.0075 54.7 15.8 86.3 31.6 
3.1.4 Freeform surface cloaks: raytracing 
For more advanced features with a significantly lower degree of symmetry, rigorous raytracing needs to be 
applied. This technique emits a certain amount of rays with an adequate resolution of their spatial 
distribution. Each ray has two specific attributes: (1) a wave vector and (2) an intensity. In homogeneous 
media, light propagates in the direction of its wave vector and is absorbed according to the Beer-Lambert 
law in Equation (3.1). At an interface, light rays split up into a reflected and transmitted ray. The direction 
of the latter is given by Snell’s law in Equation (2.18) and the intensities of reflected and transmitted rays 
are calculated based on the Fresnel Equations (2.19) and (2.20). Each ray is traced until its intensity falls 
below a threshold of 0.1 % of the incident intensity.  
3.2 Fabrication of freeform surface cloaks 
The available fabrication techniques for FFS cloaks is limited quite considerably since the distinct dimension 
and geometry of FFS cloaks covers microscopic to macroscopic feature dimensions. On the one hand, the 
center of the FFS cloak features a delicate notch or tip, depending on whether the positive or negative of the 
structure is considered. For perfect cloaking, this notch or tip ideally would display a vanishing width. 
Additionally, the defined curvature profile of the FFS cloak requires a fabrication technique that can be 
controlled on a microscopic level. On the other hand, FFS cloaks need to cover the entire length of inactive 
areas that are present on conventional PV devices, where metallic contact fingers may stretch across entire 
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silicon wafers or interconnection lines across an entire thin-film solar module. For the first demonstration of 
FFS cloaks in PV, direct laser writing (DLW) is the fabrication technique of choice since it enables rapid 
prototyping of almost any desired geometry in the required dimensional range [81] and was already used 
successfully to fabricate the first FFS cloaks for PV applications [60,64]. 
3.2.1 Direct laser writing 
Direct laser writing (DLW) relies on the phenomenon of two-photon polymerization (TPP), where the 
polymerization energy threshold of a photoresist can be overcome by the combination of the energy of two 
photons. Single photons with energies below the polymerization energy threshold do not possess the ability 
to initialize the polymerization. In DLW, a femtosecond pulsed laser with photon energies below this 
threshold is focused via an objective to a tiny spot (see Figure 3.3a). Since the energy of the photons is below 
the threshold, they simply pass through the photoresist towards the focal point. The focusing leads to a very 
high photon density and, thus, increases the probability of TPP. The volume of the focus with a sufficiently 
high photon density for TPP is called a volumetric pixel (short ‘voxel’). In this work, all master structures are 
fabricated with a commercial DLW system (Photonic Professional GT, Nanoscribe GmbH) as depicted in 
Figure 3.3b. The system comprises a 780 nm laser with a pulse length of 100 fs at a repetition rate of 80 MHz. 
The large dimensions of the FFS cloaks necessitate a comparably large voxel size to reduce fabrication time. 
For this, a 25. 0.8NA (LCI Plan-Neofluar Imm CorrDIC, Carl Zeiss) objective is used, which is immersed into 
the photoresist IP-S (Nanoscribe GmbH). This choice results in a voxel diameter of ~600 nm and a voxel 
height of ~3 µm.  
 
Figure 3.3: (a) Schematic representation of the dip-in technique. (b) Photograph of the Nanoscribe Photonic 
Professional GT during fabrication. The inset shows a side view of the objective and the working stage. 
Silicon wafers (4”) or indium tin oxide (ITO)-coated glass slides (25 x 25 mm) are used as substrates. The 
ITO layer on the glass slides interrupts the continuous transition of refractive indices from the photoresist to 
the glass and thus aids in the identification of the substrate interface when using the dip-in writing technique. 
The substrates are initially cleaned with a wiping cloth drained with acetone (Sigma-Aldrich) and isopropanol 
(IPA, Sigma-Aldrich). Solvent residues are removed using a nitrogen gun. Directly before applying the IP-S 
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photoresist via drop-casting, the substrates are placed on a hotplate with a temperature of 150°C for 15 min. 
This way, any water residuals are evaporated, which improves the adhesion of the photoresist to the 
substrate. To avoid any free-hanging parts of the structures due to a slight tilt of the substrate with regard 
to the scan stage, the structures are submerged into the substrate by 5 µm. The FFS cloaks needed to be 
written in a number of adjacent blocks since their dimension exceeds the maximum writing field of 300 x 
300 x 300 µm³. The blocks also overlap by 5 µm and display a share angle of 15° to increase stability and 
avoid any stitching artifacts. After DLW exposure, unexposed resist is removed by placing the samples in a 
bath of propylene glycol methyl ether acetate (PGMEA, Sigma Aldrich) for 20 min and a subsequent bath of 
IPA for another 10 min. After drying, only the exposed structures remain. Since the fabricated structures in 
this thesis are not entirely exposed by the laser but rather consist of an outer shell and a scaffold, they are 
flood exposed in a ultraviolet (UV) irradiation chamber (BSL-01, Opsytec Dr. Gröbel GmbH) with a dose of 
120 J/cm². 
As indicated by the use of a shell and scaffold to fabricate the structures, the fabrication time of the FFS 
cloaks needs to be minimized. Exposing an impenetrable shell (20 layers) and a sparse tetrahedral scaffold 
(see Figure 3.4) beneath that is then cured via flood exposure marks the first and biggest step towards the 
minimization of fabrication time. In addition, fabrication is further reduced by optimizing four essential 
writing parameters:  
(1) Piezo settling time: the necessary time for the piezo-controlled stage to move to the next writing 
position. 
(2) Galvo settling time: the time that the galvanometric mirror system needs to settle down at a new 
position.  
(3) Galvo acceleration: a unitless value proportional to its maximum controllable acceleration.  
(4) Scan speed: the writing velocity of the laser.  
For the investigation of these parameters, representative blocks of the scaffold illustrated in Figure 3.4 
are written with different sets of parameters and compared in terms of writing time. The first two 
parameters do not show any effect on the writing time and are thus kept at their default values of 20 ms and 
2 ms, respectively.  
 
Figure 3.4: Illustration of the representative block of the scaffold carrying the outer shell of the FFS cloak, which is 
used to optimize the fabrication time in terms of writing parameters. 
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For the representative blocks, the galvo acceleration has far greater impact on the fabrication time than 
the piezo and galvo settling times. When fixing the laser scan speed at 80 mm s-1, the fabrication reduces 
significantly with an increasing galvo acceleration but saturates at a value of 20 (see Figure 3.5a). The same 
trend is observable for the laser scan speed in Figure 3.5b, when keeping the galvo acceleration at its 
optimum value of 20. Scan speeds faster than 100 mm s-1 do not yield any significant additional reduction of 
the fabrication time. Therefore, a galvo acceleration of 20 and a scan speed of 120 mm/s are used throughout 
all experiments in this thesis. It should be pointed out that increasing galvo acceleration and scan speed may 
lead to fabrication inaccuracies. However, keeping the large dimensions of the FFS cloaks in mind these 
inaccuracies are of lesser concern. 
 
Figure 3.5: Fabrication time of the representative scaffold block in dependence of (a) the galvo acceleration and 
(b) the scan speed of the laser. The respectively other parameter is kept at a fixed value as indicated in each graph. 
3.2.2 Fabrication of stamps for photo-nanoimprint lithography 
The master structures fabricated via DLW are fragile and take a long time to be reproduced. Therefore, they 
are not suited for the direct use as stamps for the fabrication of FFS cloaks via photo-nanoimprint 
lithography, which is described in the next section. The stamp material of choice is polydimethylsiloxane 
(PDMS) since it enables the facile replication of master structures by drop casting and thermal curing. For 
the transfer of the master structures into a PDMS mold, a twofold replication into PDMS is required. The 
process is sketched in Figure 3.6. 
First, the samples are coated with a 20 nm thick Al2O3 layer deposited via atomic layer deposition (ALD). 
In Figure 3.6, this layer is omitted for clarity. Since ALD is not in the focus of this study, the reader is referred 
to textbooks [82,83]. This Al2O3 layer acts as a bonding agent for the silane trichloro (1H,1H,2H,2H-
perfluorooctyl) silane (PFOTS, Sigma Aldrich), which is coevaporated from a 3 mmol solution in cyclohexane 
(Sigma Aldrich) in the desiccator at a pressure of ~200 mbar. For an efficient coating, the samples are 
activated via an oxygen plasma in an in-house-built plasma asher for one minute at a power of 100 W. The 
PFOTS coating reduces the surface energy of the samples and thus avoids any undesired sticking of the PDMS 
to the IP-S master structure and the glass substrate [64]. Subsequently, the PDMS base and curing agent 
(Sylgard 184, Dow Corning) are mixed in a ratio of 10:1 and thoroughly stirred with a glass rod. Before usage, 
the mixture is placed under vacuum in a desiccator to eliminate all air inclusions.  
In a next step, the PDMS is drop-casted over the coated master structures. A manually formed basin of 
aluminum foil prevents any PDMS of running down the samples. The basin is heated on a hotplate at 60°C 
for two hours, which increases the thermal curing of the PDMS. The replicated PDMS layer is then peeled off 
from the master structures and passes through the same silanization process including plasma activation 
3 Methods 
28 
and the evaporation of PFOTS as described above. In a second replication step, PDMS is again drop-caster 
over the coated PDMS replica and thermally cured. This twofold replication results in an exact copy of the 
master structures. Only the shrinkage of PDMS during thermal curing of ~4% needs to be anticipated. After 
a final silanization of the second replica, the PDMS stamp is ready to be used for photo-nanoimprint 
lithography. 
 
Figure 3.6: Schematic process of the fabrication of the master stamps used for photo-nanoimprint lithography. 
The used materials are indicated. Adapted with permission from [64]. © John Wiley & Sons, Ltd. 
3.2.3 Photo-nanoimprint lithography 
Photo-nanoimprint lithography, which is also known as ultraviolet nanoimprint lithography (UV-NIL), is a 
precise replication technique of nano- and microstructures on large scales that enables a high throughput 
[84–86]. It is designed for many optical and optoelectronic purposes [87,88]. The process relies on imprinting 
a master structure into a liquid photoresist layer, which is then cured via the exposure to UV light [89]. In 
this thesis, the glass-like photoresist OrmoComp (microresist technology GmbH) is used since it displays a 
high transparency, which is a key factor for any optoelectronic application [90]. 
The process applied in this thesis is roughly sketched in Figure 3.7. First, the stamp is aligned with regard 
to the surface of the solar module and with regard to the location of the inactive area. Subsequently, the 
stamp is imprinted into the resist (see Figure 3.7b), which is then cured via exposure to UV light. The vertical 
position is fixed by spacers explicitly designed for the dimensions of the FFS cloak. Finally, the stamp is lifted 
and the structured photoresist layer remains (see Figure 3.7c).  
 
Figure 3.7: Illustration of the process of UV nanoimprint lithography of FFS cloaks. (a) The stamp is aligned with 
regard to the solar module’s plane and the inactive area. (b) The stamp is imprinted into the liquid photoresist, 
which is then cured by UV light. (c) After curing, the imprinted FFS cloak remains in the cured photoresist. 
One crucial aspect of UV-NIL in the context of FFS cloaking of inactive areas of solar modules and cells is 
the alignment of the FFS cloak with regard to the position of the inactive areas. For this, a dedicated optical 
setup is assembled (see Figure 3.8). It consists of two goniometric stages to compensate tilt between the 
solar cell and the stamp, a rotary stage to compensate rotational misalignment and an XYZ-stage to match 
the cloak’s position with the inactive areas of the solar cell. Furthermore, the setup comprises a 1.2 W UV 
LED (WEPUV3-S2, Winger Electronics) with a wavelength of 400 nm for UV curing of the photoresist.  
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Figure 3.8: Photograph of the assembled optical setup for UV nanoimprint lithography. 
3.3 Embedding freeform surface cloaks 
Embedding the FFS cloaks in the conventional architecture of solar modules represented one of the main 
challenges of this thesis. Before the emergence of the liquid glass technique, the most intuitive approach for 
embedding FFS cloaks was the polymer encapsulant. This approach introduces the additional challenge to 
attach the cover glass to the structured polymer encapsulant. This section describes the applied techniques 
for encapsulation via polymer bonding and outlines the incorporation of FFS cloaks directly into the cover 
glass of the solar modules. 
3.3.1 Polymer bonding 
Imprinting the FFS cloak into a polymer layer requires the polymer to be shape-preserving under the 
subsequent encapsulation with a cover glass. The material of choice for this approach is the glass-like 
OrmoComp (micro resist technology GmbH) resist since it displays high optical transmittance and a good 
adhesion to a substrate after curing in addition to its high strength. However, its sturdiness poses a problem 
for the attachment of a cover glass. For a bond free of air inclusions between the glass and the glass-like 
resist, a perfectly planar OrmoComp surface is required. Such an idealized planar surface is hard to achieve, 
though, without intensive post-processing of the surface. Naturally, a liquid glue comes to mind that 
mediates the bond between the cover glass and the FFS cloak and accommodate the possible surface 
roughness in the planar regions of the cloaking layer due to fabrication inaccuracies. However, a liquid glue 
comes at the risk that not only the desired cavities would be filled but also the FFS cloak itself. Therefore, a 
slightly different approach is chosen. 
The mold material PDMS, which is also used in several over techniques in this thesis, exhibits the unique 
properties of an excellent optical transparency far into the UV, easily controllable bonding properties and a 
certain elasticity that may be exploited to eliminate any air lock. For this, a thin layer of PDMS is cured and 
then placed in between the cover glass and the FFS cloak as a mediator as illustrated in Figure 3.9. It is then 
attached to the cover glass via plasma bonding. In plasma bonding, the PDMS film and the cover glass 
(Menzel cover slides, strength 1) are exposed to oxygen plasma in an in-house-built plasma asher for 15 s at 
a power of 100 W. Subsequently, both parts are firmly pressed together resulting in a permanent bond. This 
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step is repeated for the bond between PDMS and OrmoComp. Finally, a fully encapsulated solar cell with 
embedded FFS cloaks is obtained. 
 
Figure 3.9: Schematic of the polymer bonding technique used to attach a cover glass to a FFS cloak, which is 
imprinted into an OrmoComp layer covering the solar cell. 
3.3.2 Liquid glass 
The recently developed liquid glass technique offers the unique ability to embed optical concepts as cavities 
into pure fused silica glass of a high optical quality [91]. Liquid glass is a photo-curable silica nanocomposite 
consisting of a silicon dioxide (SiO2) nanopowder and a photo-curable monomeric binding matrix [92]. The 
latter enables the user to form the nanocomposite in any arbitrary geometry that the huge variety of polymer 
processing techniques enables [93,94].  
The recipe of liquid glass has already been reported several times in literature and may even be varied 
depending on the targeted application [92–94]. Throughout this thesis, the monomeric binding matrix is 
composed of 68 vol% of a hydroxyethylmethacrylate (HEMA) monomer, 25 vol% of a phenoxyethanol (POE) 
solvent and 7 vol% of a tetraethyleneglycoldiacrylate (TEGDA) crosslinker as reported in Ref. [91]. No further 
modifications to this recipe are performed in the studies shown in Chapter 7. The monomeric mixture is then 
loaded with 50 vol% (with regard to the final mass of the nanocomposite) of a high-purity amorphous silica 
nanopowder (Zandosil) with a particle diameter of ~100 nm. In a final step, 0.5 wt% (with regard to the 
monomer mass) of a 2,2-dimethoxy-2-phenylacetophenone (DMPAP) photoinitiator is added to enable UV 
curing of the monomer matrix. 
The property of being UV curable – or depending on the recipe thermally curable – opens up a vast 
variety of applicable fabrication techniques. Stereolithography, gray-scale lithography, various hot 
embossing techniques, subtractive machining of cured parts and photo-nanoimprint lithography find 
themselves among the already demonstrated techniques [92–94]. Due to the facile replication of the 
complex and fragile master structures into transparent PDMS stamps, UV nanoimprint lithography is used to 
transfer the FFS cloaks into the liquid glass nanocomposite for all results reported in Chapter 7.  
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Figure 3.10: Illustration of the process steps of the liquid glass technique. The components of the nanocomposite 
are shown in the inset of the top right. Additionally, photographs of the samples after bonding (green part), 
debinding (brown part) and sintering (fused silica glass) are shown. Adapted with permission from [91]. © 2019 
American Chemical Society. 
The process steps of the applied liquid glass technique are sketched in Figure 3.10. First, a quadratic 
metallic frame with a specific inner side length and usually a thickness of ~1 mm is carefully positioned on 
the PDMS stamp to form a basin, which is then filled with the LG nanocomposite. A planar glass slide is 
pressed on the basin from the top. Additionally, the PDMS stamp is coated with PFOTS to reduce adhesion 
as outlined in Section 3.2.2. For the same purpose, a plastic foil is attached to the glass slide, which also 
facilitates the removal of the stiff glass slide later on. The enclosed nanocomposite is then exposed to UV 
light of a UV-LED array (E.E.T.S., U.K.) with a wavelength of λ ~ 365 nm and an intensity of 4.7 mW/cm² for 
45 seconds. At this point the radical polymerization of the nanocomposite is not yet fully completed, which 
results in a slightly sticky surface. Additionally, a second slab of the nanocomposite with a thickness of ~500 
µm is prepared in between two planar glass slides, which also display attached plastic foils, and exposed for 
mere 15 seconds. Thus, the radical polymerization of the second slab just started, which gives the slab a wax-
like solidity. After peeling of the PDMS master stamp of the first slab and one of the planar glass slides, both 
half-cured slabs of nanocomposite are firmly pressed together and bonded under the UV-LED array by 
3 Methods 
32 
finalizing the polymerization after another 30 seconds of UV exposure. This solid nanocomposite is the so-
called ‘green part’.  
Subsequently, all polymeric material is thermally debinded from the green part in a tube furnace (GSL-
1100X-LD, MTI Corporation) at a maximum temperature of 600°C, which results in the so-called ‘brown part’. 
The used alumina tube is constantly flushed with ambient air via a pump to maintain an ambient atmosphere 
inside it. Afterwards, another tube furnace (GSL-1500X-50-UL, MTI Corporation) is used to sinter the brown 
part at 1350°C under vacuum (Æ ~4 ∙ 10-2 mbar) to form high-purity fused silica glass. The detailed 
temperature curves for debinding and sintering are displayed in Figure 3.11. It should be noted that the 
heating rates during debinding might be increased for smaller parts. Therefore, the used temperature curve 
differs from the previous reports [94]. Another important aspect of the liquid glass technique is the solid 
loading of the nanocomposite with silica nanopowder, which leads to a precisely predictable isotropic 
shrinkage during sintering [93]. In the case of a solid loading of 50 vol% with the silica nanopowder, the 
shrinkage sums up to a value of 20.63 %, which needs to be anticipated in the fabrication of the metallic 
frames for UV nanoimprint lithography. 
 
Figure 3.11: Temperature curves used during debinding and sintering of the polymerized nanocomposite. The 
applied atmospheric conditions are indicated. 
Since it is common to silicon and CIGS PV to laminate cover glass to the solar cells or modules with a 
polymeric encapsulant, the embedded FFS cloaks are laminated to the investigated silicon solar cells in the 
same way. For this, a commercial PV module laminator (E.E.T.S.) and ethylene vinyl acetate (EVA) – a 
standard polymeric encapsulant – are employed. The lamination is performed at a temperature of 100°C and 
a pressure of 4 mbar.  
To reduce surface roughness and to facilitate the deposition of thin-film solar cells on the cover glass 
fabricated via the liquid glass technique, mechanical polishing is conducted. For grinding and polishing, a 
grinding and polishing machine (Saphir 350 E with Rubin 520, ATM GmbH) is used. The detailed steps of the 
polishing process are summarized in Table 3.2. For all process steps, a pressure of ~1 bar is applied.  
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Table 3.2: Summary of the grinding and polishing process applied to cover glass fabricated via the liquid glass 
technique to reduce surface roughness. All process steps are performed at a pressure of ~1 bar. 
Step Base Lubricant Speed (rpm) Time (min) 
1 MD Piano 2201 Water 300  Until planar 
2 MD Piano 5001 Water 300  2:00 
3 MD Piano 12001 Water 300  2:00 
4 SiC paper 20001 Water 300  2:00 
5 SiC paper 40001 Water 300  2:00 
6 MD Plan1 Diamond suspension 9 µm2 150 10:00 
7 MD Plan1 Diamond suspension 3 µm2 150 10:00 
8 MD Plan1 Diamond suspension 1 µm2 150 10:00 
3.4 Fabrication of perovskite solar cells 
For the deposition of perovskite solar cells on top of cover glass fabricated via the liquid glass technique, a 
fully evaporated layer stack is used. To reduce resistive losses on the targeted active area of 381 mm², a 
75 nm-thick gold grid with 200 µm-wide fingers spaced 1.8 mm apart is deposited via thermal evaporation. 
Additionally, 150 nm of sputtered ITO complement the front electrode. Then, a 5 nm-thick layer of 2,2',7,7'-
Tetra(N,N-di-p-tolyl)amino-9,9-spirobifluorene (Spiro-TTB) is employed as the hole transport layer. It is 
deposited via thermal evaporation. The absorber CH3NH3PbI3 is deposited with a final thickness of 500 nm 
via the co-evaporation of CH3NH3I and PbI. Details on the co-evaporation process are available in Ref. [95]. 
Furthermore, 21 nm of C60 and 5 nm of bathocuproine (BCP) are processed via thermal evaporation. The 
layer stack of the perovskite solar cells (see Figure 3.12) is completed by a 75 nm-thick gold rear metallization 
processed by thermal evaporation. For sputtering and thermal evaporation, machines of Kurt J. Lesker 
Company Ltd. are used. Since the optimization of thin-film deposition techniques is not in the focus of this 
thesis the reader is referred to textbooks [96]. 
 
Figure 3.12: Image of a perovskite solar cell deposited on a fused silica glass wafer with a size of 30 mm x 30 mm. 
                                                                   
1 The MD Piano resin bonded diamond discs, the SiC paper and the MD Plan polishing cloths are supplied by Struers GmbH.  




This section provides a brief overview and short descriptions of all characterization techniques and setups 
applied. For further information on the techniques for PV characterization, spectrophotometry, optical and 
atomic force microscopy the reader is referred to textbooks [65,97–99]. 
Current density – voltage characteristic:  
The power conversion efficiency, which is derived from the J-V characteristic, is one of the most important 
figures-of-merit for photovoltaic devices. The J-V characteristic is standard test conditions under illumination 
with a reference AM1.5G solar spectrum (see Figure 1.1). This spectrum is defined as the irradiance of the 
sun at 41° above the horizon, which corresponds to an air mass of 1.5 atmospheres, onto a solar cell that is 
tilted by 37°. The total irradiance sums up 1000 W/m². The measurements shown in this thesis are performed 
with a commercial solar simulator of class AAA (WXS-90S-L2 by WACOM, Saitama, Japan), which imitates the 
AM1.5G spectrum using a halogen and a Xenon lamp.  
External quantum efficiency:  
The EQE provides information about the wavelength-dependent performance of a solar cell. It is defined as 
the probability of an incident photon to contribute to the extracted current. The EQE measurements 
reported in this thesis are performed with a home-built setup that consists of a xenon lamp as a light source, 
a monochromator with a spectral bandwidth of approximately 5 nm and a chopper that is set to 120 Hz. The 
EQE measurement is a relative quantity that relates the measured current to the current of a reference cell 
with a known EQE. As a reference cell, a silicon photodiode (SN: 8B047) with a certified EQE in the 
wavelength range of 300 – 1100 nm is used.  
Optical microscopy:  
For the qualitative analysis of the fabrication quality of freeform surface cloaks, optical microscopy is applied, 
which enables simple imaging of microscopic features. In this work, a VHX-500 optical microscope (Keyence 
Corporation) is used, which employs a VH-Z500 (Keyence Corporation) lens system with a maximum 
magnification of 5000x. 
Spectrophotometry:  
For measurements of diffuse reflectance and transmittance, a commercial Lambda 950 UV-Vis 
spectrophotometer (PerkinElmer, Inc.) is used. In spectrophotometry, the amount of light reflected or 
transmitted by a sample is compared to a calibration measurement to quantify reflection and transmission. 
For area-dependent measurements, the spot is shaped in a rectangular form with a size of 1mm x 4mm by 
integrating apertures into the beam path. 
Scratching tests: 
Pencil tests according to the ASTM D3363 standard are carried out to determine the resistance of cover glass 
fabricated via the liquid glass technique to scratch damage [100]. In this work, Staedtler Mars Lumograph 
drawing pencils in the hardness range from 9H to 9B are employed, whose heads are flattened before the 
test by rubbing the lead to abrasive paper (grit 400). An angle of 90° is maintained the pencil’s head exhibits 
a planar tip. The standard defines that the pencil should be firmly pushed across the sample’s surface for 
minimum 3 mm at an angle of 45°.  
Atomic force microscopy:  
For the analysis of the surface roughness of substrates with embedded freeform surface cloaks processed 
from liquid glass, atomic force microscopy (AFM) is performed using a JPK NanoWizard ULTRA Speed 2 
(Bruker Nano GmbH). This technique provides the possibility to extract 2D height profiles by running a 
microscopic cantilever across the sample and tracing its deflection via the investigation of a reflected laser 






4 Methodology of energy yield modelling 
The prevailing figure-of-merit for solar cell performance – the power conversion efficiency (PCE) – provides 
only a limited assessment of the realistic performance of tandem solar cells and modules. It poorly 
represents the constantly varying solar irradiation and temperature conditions that a solar module is 
exposed to in a realistic scenario since the PCE is determined under standard test conditions (STC), which 
specifies a standard global reference irradiance spectrum of 1000 W/m² with an air mass 1.5 (AM1.5G), 
normal incidence and a solar cell temperature of 25°C The complex architecture of tandem solar modules, 
in particular the combination of two absorber materials with different bandgaps, requires another, more 
appropriate parameter that describes the ability to convert incoming sunlight into power. Alongside the rise 
of III-V/silicon and perovskite/silicon tandem PV, the parameter energy yield (EY) cut its way into the PV 
community [9,21–25,101–106]. The EY is a more suitable figure-of-merit, especially in the context of tandem 
PV, since it accounts for the varying spectral distribution and intensity levels of specular and diffuse solar 
irradiation, the impact of cloud cover (CC), temperature changes over the course of hours, months and 
seasons, as well as the module installation at various geographical locations (see Figure 4.1). In particular, 
EY modelling enables a more realistic assessment of the impact of these varying conditions on current 
matching in the two-terminal configuration of tandem solar modules. In order to meet these requirements, 
EY modelling relies on a number of models and assumptions. This section thus provides a detailed overview 
about the methodology employed in our EY modelling framework, which was already used in various 
publications [9,24].  
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4.1 Framework for energy yield modelling 
The framework for EY modelling developed in the research group of Ulrich W. Paetzold consists of four 
independent modules (see Figure 4.2): (1) the energy yield core module, (2) the irradiance module, (3) the 
optics module and (4) the electrics module. The flow of this framework starts with the calculation of hourly-
resolved irradiance spectra h(%) for an entire year at a given location based on measured typical 
meteorological year (TMY3) data available from the National Renewable Energy Laboratory (NREL) [108]. In 
addition, the optics module provides the spectrally resolved absorptance ·(%, n) of a tandem solar module 
for all angles of incidence. The energy yield core module subsequently combines these two inputs and 
determines the hourly resolved , which itself is key to the calculation of the J-V characteristic conducted 
within the electrics module. By summing up the resulting power at each single maximum power point (MPP) 
the energy yield core module is capable of determining the annual EY for a specific module orientation at a 
given location. The detail modelling steps in each module are outline in the following sections. 
 
Figure 4.1: Schematic of the module installation and the daily variations of specular and diffuse solar irradiation, 
albedo, cloud cover and temperature. Adapted with permission from Ref. [107], © 2019 Optical Society of America. 
 
Figure 4.2: Schematic of the flow of the modular framework for energy yield modelling, which consists of the 
irradiance, the optics, the electrics and the energy yield module. Reprinted with permission from Ref. [107], © 
2019 Optical Society of America. 
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4.2 Realistic irradiation conditions 
For each location, the irradiance module calculates the incident irradiance spectra based on meteorological 
data provided by the TMY3 data set [108]. This data covers several climatic zones ranging from tropical to 
boreal climates and enables the EY modelling of PV devices in numerous locations. This data includes a 
variety of meteorological parameters, such as the direct normal and diffuse horizontal irradiance, CC, dry-
bulb temperature, pressure, precipitable water, aerosol optical depth and albedo. In the first instance, the 
framework calculates the clear sky irradiance in the range of 280 – 4000 nm via the ‘simple model of radiative 
transfer of sunshine’ (SMARTS) [109]. Proceeding from this clear sky irradiance, the framework applies a 
simple model for cloud cover. This model assumes that the spectral distribution of direct irradiation hA,ÇA(%) is not affected; only its overall intensity is scaled to the measured absolute intensity of direct 
irradiance hv,ÇA in the TMY3 data: 
hÈÇv,ÇA  hA,ÇA(%)K hA,ÇA(%) O% hv,ÇA . (4. 1) 
In contrast, the spectral distribution of diffuse clear sky irradiance changes dependent on the amount 
of cloud cover, since grey to white clouds differ significantly in color from the usually blue-colored diffuse 
solar irradiation. The framework thus assumes that light originating from clouds exhibits the same spectral 
distribution as direct clear sky irradiance. Furthermore, the diffuse irradiance is scaled to the measured 
absolute intensity of diffuse irradiance hv,Ç33 in the TMY3 data: 
hÈÇv,Ç33  hA,Ç33(%) ∙ (1 6 CC) 1 hA,ÇA(%) ∙ CCKÂhA,Ç33(%) ∙ (1 6 CC) 1 hA,ÇA(%) ∙ CCÃ O% hv,Ç33 . (4. 2) 
 
Figure 4.3: (a) Monthly averaged direct and diffuse irradiance spectra for June (red spectra) and December (blue 
spectra) in Phoenix, Arizona. (b) Varying solar intensity and average photon energy (APE) for a chosen day (Nov 
19th) in Phoenix, Arizona. Reprinted with permission from Ref. [107], © 2019 Optical Society of America. 
In order to illustrate the irradiance model, the average direct and diffuse irradiance in Phoenix (Arizona, 
USA) for June and December are displayed in Figure 4.3a. Apart from the obviously higher irradiance in 
summer, this figure reveals a strong blue-shift of diffuse irradiation in June compared to December, due to 
the low cloud cover prevailing in the sunny and arid summer of Phoenix. In general, diffuse irradiation 
exhibits a strong blue-shift compared to direct irradiation due to the strong wavelength dependence of 
Rayleigh scattering (~%Rk). Spectral variations in solar irradiation are well described by the average photon 
energy (APE), which is an important parameter in the following discussions on EY. This APE does not only 
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vary with seasons as implied by the blue-shift of diffuse irradiation in summer in Figure 4.3a, but it varies 
also on much smaller time scales, such as a single day (see Figure 4.3b). For the chosen day (Nov 19th), the 
APE increases in the early morning and late evening hours due to the predominant contribution of blue-rich 
diffuse irradiation [9,25]. Moreover, the APE of realistic spectra differs significantly compared to AM1.5G 
throughout the most of the day. This fact highlights the importance of considering realistic irradiation 
conditions for the assessment of the performance of tandem solar modules. 
Even though the applied model for CC is simple it should be kept in mind that radiative transfer in clouds 
is a multifaceted matter [110,111] since the transmission and scattering behavior of clouds depends on a 
variety of parameters, such as cloud thickness, particle density and particle size [112]. For this reason, there 
is no unified model for the radiative transfer of solar irradiation through clouds [113]. Nonetheless, this 
simple model provides a possibility to consider CC in EY modelling. In addition, the assumption of more blue-
rich irradiance for low levels of CC matches with a previous study by Bartlett et al. [110]. 
4.3 Optical modelling of textured tandem solar modules 
Optical modelling of the architecture of state-of-the art perovskite-based tandem solar modules represents 
a key challenge since these solar modules commonly exhibit three distinct features – (1) thin-film multi-layer 
stacks, (2) ‘optically-thick’ layers and (3) textured interfaces – that require the application of different optical 
simulation methods. Some simulation methods, like finite-difference time-domain simulations, are capable 
of simulating such complex architectures but significantly exceed acceptable computation times. For this 
reason, the author developed a new simulation code based on a matrix formalism for the calculation of light 
propagation [114]. This optical simulation code, which is a module of an entire EY modelling framework, is 
on the on hand able to handle the complex architecture of textured tandem solar modules and on the other 
hand keeps computation times below 30 seconds using main-stream computing hardware (Intel i5-8250u).  
 
Figure 4.4: (a) Illustration of the separation of the complex architectures into smaller domains. The absorptance 
of textured tandem solar modules for all relevant wavelengths % and all angles of incidence t is simulated by 
combining all domains via a matrix formalism. (b) Illustration of a characteristic light path of pyramidal textures. 
Reprinted with permission from Ref. [107], © 2019 Optical Society of America. 
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The modelling approach breaks down the architecture into smaller domains (see Figure 4.4a) that are 
treated separately with the adequate simulation methods. In the end, the optical response is then calculated 
by combining the individual results via redistribution matrices following a formalism for light propagation in 
‘optically-thick’ layers proposed by Eisenlohr et al. [114]. This formalism is extended by considering thin-film 
covered textured interfaces as effective interfaces that are able to absorb light. 
Thin-film multi-layer stacks: The first distinct feature of perovskite-based tandem solar modules are the 
multiple thin films of the electrodes, ARC and the perovskite top cell, in which thin-film interference patterns 
may arise. The transfer-matrix method (TMM) is a rapid and accurate method suitable for the calculation of 
the absorptance ·& in such features. The applied code is inspired by previous work on multilayer optical 
calculations [76] and is described in detail in Section 3.1.1.  
‘Optically-thick’ layers: Contrary to thin-film multi-layer stacks, which require coherent treatment of 
light, absorptance in incoherent, thick layers ·& is sufficiently described using the classical Beer-Lambert 
law (please refer to Section 3.1.1): 
·&(%)  É'Ri(m)∙j v Ê¤⁄  0 ⋱ 0  'Ri(m)∙j v Ê±⁄ Ì , (4. 3) 
where n(%) is the absorption coefficient, O the thickness of the incoherent layer, and t the angle of 
light propagating through the medium. 
Textured interfaces: As outlined in Section 3.1.3, geometrical raytracing, as proposed by Baker-Finch and 
McIntosh [77], is an elegant method suitable for the rapid calculation of the impact of pyramidal textures on 
an interface for all angles of incidence t. The high symmetry of pyramidal textures commonly employed in 
PV allows only for a limited set of characteristic paths with specific intersection angles tpAvp (see Figure 
4.4b). Further illustrations of the characteristic paths of pyramidal textures is provided in the dedicated 
description of geometrical raytracing in Section 3.1.3. For textures covered with a thin-film multi-layer stack, 
the total absorptance ·p&,L along a path f is then calculated by summing up the absorption at each 
intersection Í:  ·p&,L(%, t)  ·&%, tpAvp,H
1 Å ² y&%, tpAvp,Î ∙ ·&%, tpAvp,ÏÏRHÎ´H
ÏÐÑÒ
Ï´I . (4. 4)  
Subsequently, summing up the absorptance along all characteristic paths weighted by their individual 
probabilities Æp&,L  allows the determination of the total absorptance of a thin-film covered texture: 
·pÓ,&(%, t)  Å Æp&,L(t) ∙ ·p&,L(%, t)L . (4. 5) 
The impact of texturing on reflectance yp&,L and transmittance {p&,L along path f is defined similary: 
yp&,L(%, t)  ² y&%, tpAvp,ÎÏÐÑÒÎ´H (4. 6) 
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{p&,L(%, t)  {&%, tpAvp,H
1 Å ² y&%, tpAvp,Î ∙ {&%, tpAvp,ÏÏRHÎ´H
ÏÐÑÒ
Ï´I  . (4. 7) 
Analogous to Equation (4.5), a summation weighted by the probability of each path then leads to the 
overall reflectance and transmittance of the thin-film covered textured interface: 
y/{pÓ,&(%, t)  Å Æp&,L(t) ∙ y/{p&,L(%, t)L  . (4. 8) 
In addition to the mere amount of reflectance and transmittance, geometrical raytracing also provides 
the possibility to determine the angular distribution of both parameters. For each wavelength, y and { can 
thus be described in terms of redistribution matrices t → tA3/pAv analogue to the approach of J. 
Eisenlohr and N. Tucher [114,115]:  
y {pÓ,&(%)⁄  Õy {pÓ,&(%, tH → tH)⁄ ⋯ y {pÓ,&(%, t → tH)⁄⋮ ⋱ ⋮y {pÓ,&(%, tH → t)⁄ ⋯ y {pÓ,&(%, t → t)⁄ Ø . (4. 9) 
The Equations (4.3) - (4.9) define a thin-film covered texture in the form of an effective interface (see Figure 
4.5a), which should meet the condition that all incident light will be either reflected, transmitted or 
absorbed: 
Å ypÓ,&(%, t → tA3)ÊÙÚÛ 1 Å {pÓ,&(%, t → tpAv)ÊÜÙÑÝÞ 1 ·pÓ,&(%, t)  1 . (4. 10) 
Finally, the Equations (4.3) and (4.9) provide all information required for applying the redistribution 
matrix formalism proposed by Eisenlohr et al. [114], which is extended in this work by considering absorption 
at each effective interface according to Equation (4.5). This extended matrix formalism is illustrated in Figure 
4.5b. When substituting the angular power distribution of both reflectance ypÓ,& and transmittance {pÓ,&  (see Figure 4.5a) by a generalized redistribution matrix ßL , the angular power distribution L and L 
are linked to each other via the following set of matrix multiplications: IL  (ßH¶ßI¶)L@ILPH  (ßI¶ßH¶)LßI¶@L  Å(L)ÊÊI  ¶ßI¶@ (4. 11)IL  (¶ßI¶ßH)LRHIILPH  (¶ßH¶ßI)L¶@L  Å(L)ÊÊ  
 
Here, the angular power distribution describes how much power propagates in a certain angular direction 
inside the optically-thick layer. 
All remaining power L  and L is obtained by summation over all angles t of the angular power 
distribution L  and L, respectively. Finally, the total absorptance in an incoherent layer is then determined 
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by iteratively summing up the absorption of all light running in forward and backward direction through this 
layer until the incident power is completely absorbed:  ·(%, t)  ·3AàAÇ(%, t) 1 ·á àAÇ(%, t)
 Å ·3AàAÇ,L(%, t)LÐÑÒL´@ 1 Å ·á àAÇ,L(%, t)
LÐÑÒ
L´H





Figure 4.5: (a) Illustration of the extended redistribution matrix formalism for light propagation in ‘optically-thick’ 
layers. (b) Illustration of light propagation in the ‘optically-thick’ layer.  
An incoherent layer does not necessarily need to be coated by a thin-film layer and might just behave 
like a classical interface according to the Fresnel Equations (see Equation (2.19) and (2.20) in Section 2.2.1) 
and Snell’s law (see Equation (2.18) in Section 2.2.1). Moreover, the presence of planar interfaces obviates 
the need for geometrical raytracing. In the end, adding the absorptance of one incoherent layer after the 
other in the direction of light propagation according to Equation (4.12) enables calculating of the overall 
absorptance of the complex architecture of a textured perovskite-based tandem solar module. 
4.4 Electrical modelling 
In order to calculate the power output for a given , the electrics module computes the J-V characteristic 
of a solar module for a set of electric solar cell properties, such as the dark saturation current density @, the 
series resistance y, the shunt resistance yv&, the diode ideality factor a and the module temperature {ÇÈ. For this, it employs the single-diode model based on the Shockley diode Equation: 
()   6 @ ' äPåæç¬Î»ÐèéêëÚ 6 1¡ 6  1 yyv&  . (4. 13) 
The second meteorological parameter, apart from the irradiance, that affects the J-V characteristic of a 
solar module and thus its annual energy yield is the temperature. In general, temperature modelling of solar 
modules is a complex matter since {ÇÈ relies crucially on meteorological conditions, such as wind and 
precipitation, and on the module installation as well as the heat transfer in between various parts of the 
module’s architecture [116]. At this point, it should be noted that temperature effects are neglected 
throughout this thesis since the following investigations are of a purely optical nature. Nonetheless, the 
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methodology of temperature-dependent EY modelling of solar modules is provided within this section. The 
module temperature used in Equation (4.13) is calculated based on the nominal operating cell temperature 
(NOCT). {ÇÈ deviates from the ambient temperature {áp based on the NOCT and the insolation ß 
[117,118]: 
{ÇÈ  {áp 1 NOCT 6 20°C800 W/m² ∙ ß . (4. 14) 
In this model, the NOCT is defined as {ÇÈ at an insolation of 800 W/m², wind speed of 1 m/s and an 
ambient temperature of 20°C. In addition, the impact of a decreasing bandgap with increasing {ÇÈ on 
the parameters   and   is often modeled via: 
  ,@ 1 1 +äñò10ó ({ÇÈ 6 {@)¡  (4. 15) 
  ,@ 1 1 +åçò10ó ({ÇÈ 6 {@)¡ , (4. 16) 
where ,@ and ,@ are the  and  at room temperature {@   25°C. The temperature coefficients +äñò  and +åçò are commonly defined with the unit ppm K-1 [119]. 
Since Equation (4.13) is a transcendental Equation, it cannot be solved conventionally. Employing the 
LambertW function [120,121] offers a route to obtain an explicit analytical solution for  following the 
approach of Jain et al. [122]: 
()  6 ap&y Lambertö ÷y@yv&exp 
yv&(y 1 y@ 1 )ap&(y 1 yv&) ap&(y 1 yv&) ø
6  1 yv&(@ 1 )y 1 yv&  ,
(4. 17) 
where p&  c{ÇÈ is the thermal voltage. The voltage  for a given {ÇÈ then correlates to  according 
to: ()  6y 1 ( 1 @ 6 )yv& 1 ∆6ap&Lambertö ù@yv&ap& exp ( 1 @ 6 )yv&ap& ¡ú . (4. 18) 
In Equation (4.18), a shift in voltage due to varying temperatures as introduced in Equation (4.15) is 
considered via ∆  ,@ NûñòH@ü ({ 6 {@) with: 
,@  ( 1 @)yv& 6 ap&Lambertö ù@yv&ap& exp ( 1 @)yv&ap& ¡ú . (4. 19) 
Ultimately, the electrics module locates the maximum power point (MPP) of the J-V characteristic in 
order to determine the power output of a solar cell: ýþþ  max( ∙ ) . (4. 20) 
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As already mentioned in Section 2.1.3, one important aspect for the EY of tandem solar modules under 
realistic irradiation conditions is the electrical configuration. The power output of tandem solar modules in 
the 2T configuration is limited by the lower generated current density ýþþ,p and ýþþ,áp out of the two 
sub-cells due to their monolithic integration:  I  ýþþ ∙ min ýþþ,p, ýþþ,áp . (4. 21) 
The 4T configuration, however, circumvents these current matching losses but requires a larger number of 
electrodes and an insulating intermediate layer. The generated power at maximum power point ýþþ,p 
and ýþþ,áp of both sub-cells can simply be extracted individually: k  ýþþ,p 1 ýþþ,áp . (4. 22) 
The described approach performs well for solar cell architectures that are translatable into simple 
equivalent circuit diagrams. More complex architectures, such as three-terminal tandem solar modules, 
require a numerical approach. The consistency of the described method with a numerical approach has been 
verified with the circuit simulation software LTspice®. 
4.5 Annual energy yield calculation 
Having outlined the determination of the power output for every hour of the year, the annual energy is a 
mere summation of  over this time frame. However, the power output at a given point in time not only 
depends on the irradiance spectrum, the absorptance of the device and its electrical performance, but also 
on the installation of the solar module and its orientation with regard to the sun’s position. For this, the polar 
angle tvÈ and azimuth angle vÈ of the sun’s coordinates ¹ need to be transformed into the local 
coordinate system of the solar module via: tvÈ → tvÈvÈ → vÈ  . (4. 23) 
This transformation into the new sun coordinates ¹’ can be described with a quaternion  rotation about 
the corresponding Euler angle t around the Euler axis, which is given by: 
¹′  ¹RH   with     cos t2 1 ßÓ1 ß 1 ß	
 sin t2 (4. 24) 
Since direct irradiation is assumed to originate from a point-like source whereas diffuse irradiation is 
assumed to be distributed Lambertian [123] across the hemisphere in this model, the contributions of direct 
and diffuse irradiation to the , need to be calculated separately. The direct short-circuit current density ÇA is then obtained by integrating over the wavelength % of the incident solar irradiation: 
ÇA  ℎX _(%)·(tvÈ , %)hÇA(%)% cos(tvÈ ) O%tvÈ < 90°  Γ(tvÈ ,vÈ )  1 ,
(4. 25) 
where the absorptance of the investigated sub-cell ·(tvÈ , %) and the direct irradiance hÇA(%) are 
defined in the preceding Sections 4.2 and 4.3 and the collection efficiency  of generated charge carriers is 
assumed unity. Here, the function Γ(tvÈ ,vÈ ) expresses all polar coordinates from which light can impinge 
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on the solar module (Γ  1). Thus, light hitting the rear side of monofacial solar module is disregarded (Γ 0), which is crucial for the calculation of the diffuse short-circuit current density Ç33, in particular for tilted 
solar modules:  
Ç33  ℎX(%)·(tvÈ , %)hÇA(%)%Γ(t,′) sin(t′) cos(t) O′Ot′O% , (4. 26) 
where , ℎ, X symbolize the elementary charge, the Planck constant and the speed of light. It should be noted 
that due to the omnidirectional nature of diffuse irradiation we integrate over both the polar and the azimuth 
angle. 
Beyond the contributions of direct and diffuse irradiation, tilted solar modules are exposed to another 
contribution, namely albedo. The framework allows the consideration of this additional contribution of 
diffuse ground reflection Ç33,áÇ for more than 3000 reflectance spectra of natural and synthetic materials 
analogue to Equation (4.26). The angular distribution of the diffuse albedo is also assumed Lambertian. 
Since the impact of albedo is not in the focus of this thesis, it is neglected throughout all investigations. 
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5 Light management in perovskite-based tandem 
photovoltaics 
This chapter discusses light management in perovskite-based tandem photovoltaics at the examples of 
perovskite/c-Si tandem solar cells and modules as well as perovskite/CIGS tandem solar modules. At the 
beginning, the historical evolution of light management in perovskite-based tandem PV is reviewed 
representative for perovskite/c-Si tandem solar cells. However, the conclusions on the development of less 
absorbing transparent electrodes, selective contacts and charge transport materials can directly be 
transferred to perovskite/CIGS tandem PV. Furthermore, the optical loss mechanisms reflection and parasitic 
absorption are analyzed in detail for two representative perovskite/c-Si tandem solar cells in the 2T and 4T 
configuration to highlight the specific advantages and disadvantages of each configuration. The optical 
models used in this analysis are based on state-of-the-art architectures of 2T and 4T perovskite/c-Si tandem 
solar cells [26,27]. Both devices rank among the most efficient perovskite/c-Si tandem solar cells reported 
so far. Moreover, this chapter provides a detailed study on the impact of realistic irradiation conditions on 
optimal device architectures of both perovskite/c-Si and perovskite/CIGS tandem PV. Here, a special focus is 
directed towards the comparison of the 2T and 4T configuration of tandem devices. Additionally, a discussion 
on optical losses associated to inactive areas of perovskite-based tandem solar modules is provided. The role 
of the 2T and 4T configuration with regard to the contacting scheme is elaborated and the inactive areas are 
calculated exemplary for solar modules with contacting schemes based on metallic contact grids and 
interconnection lines. 
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5.1 Historical evolution of light management in perovskite-
based tandem photovoltaics 
Owing to the fact that silicon single-junction PV closes in on its theoretical limit in terms of PCE, research 
dedicates huge efforts on advancing possible technologies as an add-on to conventional c-Si and CIGS PV in 
tandem architectures. Tandem architectures promise a higher theoretical limit in PCE of around 46 % 
compared to around 29 % for single-junction PV [6,7]. Auspicious candidates for the top absorber are 
perovskites ( ≈ 1.55 – 2.3 eV), since they provide a cooperative route for the fabrication of low-cost 
tandem solar cells that could potentially exceed a PCE of 30%. Nevertheless, the substantially more complex 
tandem architecture, illustrated in Figure 5.1, increases the challenge to reduce the breach between actual 
PCE and theoretical limit. Compared to single-junction PV, tandem architectures rely on a larger number of 
layers to extract electric current from the absorbers and direct them to the terminals. Transparent 
electrodes, selective contacts, ETLs and HTLs as well as passivation layers are found among these layers. In 
addition, tandem architectures show an exclusive need for coupling layers: a recombination/tunnel junction 
for the 2T configuration or an insulating optical spacer layer for the 4T configuration. The increasing number 
of layers in tandem solar modules consequently entails increased optical losses, which are also depicted in 
Figure 5.1. These optical losses can be roughly classified into four categories: 
(1) Reflection losses at either one of the many interfaces, 
(2) Parasitic absorption losses in transparent electrodes, charge transport layers and coupling layers, 
(3) Current matching losses due to imperfect balance of current generation between the top- and the 
bottom-cell, and 
(4) Inactive area losses due to the integration of metallic contacts or monolithic interconnections. 
 
Figure 5.1: Illustration of the manifold optical losses in 2T (left) and 4T (right) perovskite/c-Si tandem solar 
modules. Adapted with permission from [124]. © 2019 American Chemical Society. 
Before investigating the above-mentioned loss mechanisms in detail, this section provides a brief review 
of the past developments in the field of light management in perovskite/c-Si tandem PV with a focus on the 
applied deposition processes and employed materials that enabled the uprise of perovskite/c-Si tandem 
solar cells. Figure 5.2 shows the historical evolution of the EQE of 2T and 4T tandem solar cells. It is evident 
that the improvement in the PCE of perovskite/c-Si devices over time (from yellow over orange and blue to 
grey) comes along with an improved optical performance as indicated by the increase in EQE. For the 2T 
devices in Figure 5.2a, the most striking observation is the poor performance in the blue part of the solar 
spectrum (<550 nm) compared to the 4T devices in Figure 5.2b. This distinct limitation of the 2T configuration 
originates from processing constraints imminent for the deposition of the perovskite top-cell directly on top 
of the c-Si bottom-cell. When using the c-Si bottom-cell as the substrate, the charge transport layer and 
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electrode at the front side of the perovskite solar cell are the last in the fabrication sequence. This 
circumstance constraints the process conditions for the deposition of these layers to low temperature 
processes, the use of compatible solvents and in some cases even the integration of protective buffer layers 
[125,126]. Consequently, it remains a severe challenge to achieve highly transmissive front-side layers for 2T 
perovskite/c-Si solar cells, while still preserving low sheet resistivity of these layers. A suitable example for 
the reduction of parasitic absorption in the blue part of the spectrum is the replacement of poorly performing 
Spiro-OMeTAD (2,2’,7,7’-tetrakis(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene) HTL, which accounts 
for losses in current density of up to 2.7 mA cm-2 [127], by the evaporation of very thin front-side CTLs 
[27,126]. In contrast, 4T devices sidestep any processing constraints since mechanical stacking allows an 
independent fabrication of the two sub-cells. Therefore, high quality front TCOs, such as indium-doped tin 
oxide (ITO) or fluorine-doped tin oxide (FTO), and ETLs, such as mesoporous TiO2, compact TiO2 or compact 
SnO2, are within reach. Since all of these materials absorb hardly in the UV range, the UV response of 4T 
devices is inherently outperforming that of 2T devices.  
 
Figure 5.2: Evolution of the EQEs of laboratory-scale (a) 2T perovskite/c-Si tandem solar cells [27,126,128–130] 
and (b) 4T perovskite/c-Si tandem solar cells [12,26,69,131–133]. Additionally, the published EQE of the c-Si single-
junction solar cell with the highest certified  to date is shown as a reference [134]. For reasons of clarity, further 
recent results are left out [28–31]. Adapted with permission from [124]. © 2019 American Chemical Society. 
Nevertheless, the optical coupling layers and the larger number of electrodes required by the 4T 
configuration become noticeable, when taking a closer look to EQE in the near-infrared (NIR). For a long 
time, the NIR-EQE of the 4T devices was limited to values of maximum 80 % due to parasitic absorption 
induced by the additional layers [26,29]. Only recently, the employment of advanced light management 
textures and index matching liquids allowed to overcome this value [28]. In this spectral range, there is 
apparently still a tremendous potential for improvement, in particular when comparing the NIR-EQE of 4T 
devices to that of 2T devices. The latter have the advantage of not requiring additional electrodes or optical 
adhesives in between the two sub-cells but only weakly absorbing recombination or tunneling junctions. 
Consequently, in the NIR, the EQE of the 2T perovskite/c-Si tandem solar cell of Ref. [27] is remarkably close 
to the EQE of the reference c-Si single-junction solar cell. This achievement, however, is not only attributable 
to reduced parasitic absorption but is also a result of improved light incoupling and light trapping by the use 
of texturing.  
In particular, exploiting the random pyramid texture obtained from anisotropic wet-etching of the Si 
wafer’s surface is very attractive from an optical point of view since the texture simultaneously reduces the 
device’s reflection and increases light trapping in the c-Si bottom-cell. Due to the independent fabrication of 
top- and bottom-cell in 4T devices, the texture of c-Si bottom-cells does not constrain the fabrication of the 
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perovskite top-cell and has become a common feature of 4T perovskite/c-Si tandem solar cells 
[12,26,131,132]. However, textures have only recently been successfully employed in 2T devices, which 
resulted in the above-mentioned exceptional NIR-EQE of the fully-textured 2T perovskite/c-Si solar cell of 
Ref. [27].  
In the following sections, this work provides a detailed discussion of techniques and challenges 
associated to the four optical loss mechanisms outlined above. For the discussion on reflection and parasitic 
absorption losses, two optical models of representative state-of-the-art 2T and 4T perovskite/c-Si tandem 
solar cells are established [26,27]. Both models are calibrated with regard to the experimentally measured 
EQE (see Figure 5.3). It should be pointed out that even though these discussions primarily handle 
perovskite/c-Si tandem PV, they are also applicable to all thin-film perovskite/perovskite and 
perovskite/CIGS tandem architectures. To highlight this aspect, the part on current matching losses and on 
the question about the superior configuration includes both perovskite/CIGS and perovskite/c-Si tandem 
solar modules.  
 
Figure 5.3: Comparison of the experimentally measured EQE of state-of-the-art perovskite/c-Si tandem solar cells 
in the 2T and 4T configuration from references [26,27] and the calculated EQE of the respective optical models 
developed within the self-written EY modelling framework outlined in Chapter 4. 
5.2 Reflection losses 
Maintaining low solar-weighted reflection is a crucial requirement for PV devices in general, but has an even 
higher importance for tandem solar cells due to their complex architectures. The reduction of reflection 
losses via texturing is well established in Si single-junction PV [134]. Additionally, textures applied to the 
front surface of the protective cover glass of solar modules via light management foils or texturing of the 
glass itself represents an interesting alternative to textured Si wafers [28,91,135–141]. Therefore, the role 
of texturing in the reduction of reflection of perovskite/c-Si tandem solar cells and modules is discussed. A 
special focus here lies on the two investigated electrical configuration of the tandem devices, 2T and 4T.  
In contrast to current 4T record devices [26], light management is a particularly complex matter for 2T 
configurations [27], since the fabrication of a complex monolithic architecture introduces several processing 
constraints as outlined above. Commercial single-junction c-Si solar cells typically employ random pyramids 
with a dimension of ~1-5 µm, which minimize front-side reflection resulting in an EQE exceeding 97 % [134]. 
Light reflected on the first contact with a pyramid’s facets is redirected to the facets of a second pyramid. 
Thus, the overall solar-weighted reflectance at normal incidence nearly vanishes due to the pyramidal 
texture. These pyramids are usually obtained via anisotropic wet etching of the Si wafers [142]. However, 
solution-processing of perovskite solar cells directly on top of a textured c-Si solar cell represents a severe 
51 
technological challenge. The only processing technique capable of depositing conformal layers on pyramidal 
textures of these dimensions is a hybrid evaporation–solution process technique [27]. A full co-evaporation 
process stands out as an interesting alternative since it relies on a lower number of process steps and 
achieves large-area films with a superior homogeneity than the hybrid process. However, further research is 
required to advance the maturity this technique [143]. The large amount of research effort invested into the 
conformal coating of c-Si solar cells with a high-quality perovskite layer naturally raises the question: is 
texturing of the c-Si bottom-cell necessary and, if yes, how many textures need to be employed? 
Architectures employing c-Si absorbers with a polished front side and a textured rear side increase the 
number of viable processing techniques for the perovskite top-cell and enables, in particular, the inexpensive 
solution-processing of high-quality perovskite films directly on top of a c-Si solar cell substrate. Even though 
these architectures are optically inferior, the devices with a rear texture exhibit PCEs comparable to that of 
fully textured architectures due to the superior electrical characteristic of the perovskite top-cell 
[28,128,131,144].  
To quantify the difference in current generation between 2T perovskite/c-Si solar cells with a rear 
texture and those with a double-side texture from an optical point of view, simulations of architectures based 
on Ref. [27] employing various textures in the cell and the module environment were performed. The 
investigated architectures span across a bare perovskite/c-Si tandem solar cell (architecture I) and modules 
(architectures II–IV) encapsulated with ethylene vinyl acetate (EVA) and a cover glass with an anti-reflection 
coating (ARC). Contrary to the planar cover glass employed in architecture II, architectures III and IV employ 
cover glass with a textured front side, which is supposed to take on the anti-reflective and light-trapping role 
of the texture on the front side of the Si absorber. However, deeply-textured cover glass is not yet 
established in the market on a large scale due to the small benefit to already textured single-junction c-Si 
solar cells [145]. For 2T perovskite/c-Si devices, however, textured glass poses a viable alternative to front-
side texturing of the c-Si absorber. It enables the application of solution-processing, while it optically 
performs like polymeric light management (LM) foils attached to the front side of solar modules [91]. In 
realistic outdoor conditions, textured glass has the advantage of not being afflicted with the reliability 
concern that polymeric materials suffer from [146,147].  
Figure 5.4 shows the total absorbed current density (perovskite + c-Si) of the four investigated 
architectures. The largest difference between a rear textured and a double-side textured c-Si absorber is 
evident for the cell architecture I (~1.9 mA cm-2). In the absence of windows layers, that smooth the 
transition of refractive indices towards the absorber layers, this unencapsulated architecture exclusively 
relies on light management textures. Moving from the bare cell to an encapsulated environment 
(architecture II) supports light incoupling. Thus, the discrepancy between a planar and a textured c-Si front 
surface reduces to ~1.7 mA cm-2. Apart from its anti-reflective properties, textured glass exhibits the 
additional benefit of improving the light trapping behavior drastically. The benefit is more pronounced for 
the case of a rear texture than for the case of a double-side texture, which already inherits good light trapping 
from its textured front surface. Thus, the benefit of front-side texturing reduces to only ~1.4 mA cm-2. 
Assuming that either durable LM foils or reasonably priced textured cover glass are available, it seems that 
both rear textured and double-side textured c-Si bottom cells are a worthwhile option for 2T perovskite/c-
Si tandem solar cells and modules. 
Pushing 2T devices beyond the ~1.4 mA cm-2 absorption deficit is only feasible at the cost of increasing 
the complexity of the layer sequence. In particular, the EVA/TCO interface and the interface between the 
perovskite top-cell and the c-Si bottom-cell are the most reflective interfaces in the investigated 2T 
configuration. A simple coating with an ARC on top of the TCO poses a simple solution for the first interface. 
Here, SiO0.4N0.6 is a possible ARC because it has a refractive index of around 1.75, which is in between those 
of EVA (~1.5) and indium zinc oxide (IZO; n~2.2) [148]. Interlayers at the second interface interrupt the cell 
structure substantially. Consequently, the requirement for a highly conductive and transparent material with 
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a suitable refractive index narrows down the search for suitable materials considerably. Recently, the 
interest in the index-tunable SiOx increased in the context of reducing reflection losses at this interface [149]. 
Employing interlayers at both discussed interfaces in architecture IV increases the overall absorbed current 
density of the rear-textured device by ~1.2 mA cm-2 and the discrepancy with regard to the device with a 
double-side texture reduces to only 0.3 mA cm-2. It is noteworthy that these interlayers have been 
considered non-absorbing. Consequently, this value only serves as a benchmark for ideal interlayers. It 
should be pointed out that the identified increase of ~1.2 mA cm-2 is significantly smaller than reference 
[149], which investigated bare solar cells instead of solar cells in a module environment. As indicated above, 
the encapsulant and glass window layers play an important role when assessing the optical performance in 
photovoltaics. 
 
Figure 5.4: Quantification of the total absorbed current density of 2T perovskite/c-Si tandem devices employing 
either a rear texture or a double-side texture in dependence of the cells environment. The optical impact of front-
side texturing is shown for four different architectures: (I) a bare lab-scale device without encapsulation, (II) a 
module consisting of a cell encapsulated behind EVA and a planar cover glass, (III) a module employing a textured 
cover glass and (IV) a module with a textured cover glass and additional interlayers. All architectures (II-IV) 
additionally exhibit an antireflection coating (100 nm MgF2; a ≈ 1.37) either directly on top of the cell (I) or on 
top of the cover glass (II-IV). Adapted with permission from [124]. © 2019 American Chemical Society. 
5.3 Parasitic absorption 
Beside the relevance of the above-discussed consideration of reflection losses, the reduction of losses due 
to parasitic absorption also plays an important role in optimizing the optical performance of a perovskite/c-
Si tandem solar cell. These losses occur in most of the many layers of the device architecture and, thus, the 
minimization of them is a multi-faceted challenge. In fact, parasitic absorption losses are substantially more 
significant compared to reflection losses. Simulations of two different architectures of state-of-art 
perovskite/c-Si tandem solar cells in the 2T [27] and the 4T [26] configuration confirm this statement. Here, 
the 2T device, which is adopted from the first reported fully-textured monolithically-stacked perovskite/c-Si 
device, is calculated once as-is and once with a planar front side. It should be noted that the following 
analysis is conducted with two representative architectures and the derived conclusions are also valid for 
other devices employing similar materials and architectures. 
For both architectures of the 2T device, as well as for the 4T device, the reflection losses are constantly 
lower than the total current density losses associated to parasitic absorption as shown in Figure 5.5. For the 
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solar cell with double-side texture, the parasitic absorption loss in some layers even outweighs the reflection 
losses. The most noticeable offenders in terms of parasitic absorption are the TCOs, the CTLs, the optical 
coupling layer in the 4T configuration and to a small extent the metallic back contacts. The 2T configuration 
suffers mostly from parasitic absorption in the front-side ETL (C60) of the perovskite top-cell with a current 
density loss of ~1 mA cm-2, even though this layer with a thickness of only 15–20 nm is relatively thin. 
Nonetheless, this already marks an improvement compared to early designs employing Spiro-OMeTAD as 
outlined in the introduction of this section [127,128]. A further reduction of the layer thickness of C60, while 
maintaining a conformal and pinhole-free layer at the same time, represents a technological challenge that 
might be achievable via evaporation techniques. Theoretically, a layer thickness of 1 nm is enough to build a 
selective contact [150]. The other IZO and MgF2 layers could potentially be optimized in the same way or 
replaced entirely by superior materials as discussed in the following. An interesting aspect, in particular in 
the comparison between the 2T and 4T configuration, is the fact that the parasitic absorption in the nc/a-
Si:H recombination junction of the 2T device is close to vanishing [151]. Earlier prototypes made use of ITO 
as a recombination junction, which resulted in current density losses of up to 1 mA cm-2 [127]. Alternative to 
a nc/a-Si:H recombination junction, interlayer-free 2T configurations are recently emerging, which could 
potentially circumvent the issue of parasitic absorption in the recombination junction entirely [152,153]. 
 
Figure 5.5: Illustration of the manifold optical losses in 2T (left) and 4T (right) perovskite/c-Si tandem solar 
modules. The models of the 2T device with a double-side texture and the 4T device are calibrated with regard to 
their respective EQE and (1 6 y) data. Data for reflection losses is shown without the contribution of escape 
reflection due to incomplete light trapping in the Si absorber. Reprinted with permission from [124]. © 2019 
American Chemical Society. 
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Owing to the relaxed processing constraints for the front-side TCO and CTL in the 4T configuration, 
parasitic absorption losses in these layers are relatively small. The modelled state-of-the-art 4T device 
employs optically superior charge transport layers – a combination of compact and mesoporous TiO2 with a 
high optical quality on the front side and a thin layer of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine 
(PTAA) on the rear side – compared to the modelled 2T device. On the downside of this architecture is the 
absorption in the polydimethylsiloxane (PDMS) coupling layer of ~1.5 mA cm-2, which is relatively large 
compared to that of the nc/a-Si:H recombination junction of the 2T device. This loss, which occurs 
predominantly in the NIR, can be attributed to the molecular vibration of the polymer’s CH group [154]. 
Nevertheless, reducing the thickness of this layer from the current ~1.5 mm to more conventional 
encapsulation thickness of ~300 µm should suffice to reclaim a major share of the loss in current density. 
In general, this analysis demonstrates that the majority of parasitic absorption losses originate from the 
TCOs, which sum up to >1 mA cm-2 for the 2T configuration and are even close to 3 mA cm-2 for the 4T 
configuration. A recent review gathered a variety of superior TCO materials and alternative deposition 
techniques [155], which is illustrated in Figure 5.6. The materials are identified in terms of their sheet 
resistance and average AM1.5G-weighted absorption. Owing to their compatibility with low-temperature 
processing (<150 °C), all shown materials are suitable for either deposition as the front electrode of the 
perovskite top-cell in the 2T configuration or both as front and rear electrode in the 4T configuration. For 
the latter, it is apparent that both sputtering hydrogenated indium tungsten oxide (IWO:H) and 
hydrogenated indium oxide (IO:H) results in TCOs with significantly lower AM1.5G-averaged absorption than 
any other suitable TCO. This provides a good indication that there is still potential for further development 
of TCOs for tandem PV.  
The discussion about the impact of TCOs on the solar cell performance just appears straightforward at 
the first glance. In reality, the electrodes are critically affected by the solar cell dimension and the presence 
of a metal grid. Here, it is necessary to distinguish between the 2T and 4T configuration. Since the perovskite 
top-cell is processed directly on top of a c-Si solar cell in the 2T configuration, the tandem device inherits its 
dimension from the c-Si wafers (currently 239 mm2) and its contacting scheme from the c-Si bottom-cell. 
Consequently, the 2T configuration would be contacted with a metallic finger grid on top of the front TCO, 
in the same way as c-Si single-junction solar cells. In the 4T configuration, however, the independent cell 
fabrication and contacting enables the monolithic interconnection of the thin-film perovskite top-cell via 
narrow cell stripes (~5 mm). This approach circumvents a front-side metallization required for the lateral 
charge transport across an entire c-Si wafer. In contrast to the metallized front electrode in a 2T device, the 
front electrode in a 4T device is just a bare TCO. In the 4T configuration, the rear electrode of the perovskite 
top-cell is last in the processing sequence and the same processing constraints apply as for the front 
electrode of a 2T device. Therefore, the rear electrode is also a candidate for the complementation by a 
metal grid [156].  
Figure 5.6 shows the effect of implementing optimally spaced 50 µm-wide metal fingers on the sheet 
resistance and AM1.5G-averaged optical losses [157]. The bare TCO data from reference [155] serve as a 
starting point. This calculation is subject to three underlying assumptions. Firstly, the maximum factor by 
which the TCO thickness can be reduced from its original value does not exceed a factor of up to ~4, which 
results in minimal final layer thicknesses of around 50 nm. Secondly, the amount of parasitic absorption in 
the TCO scales proportionally with its layer thickness. Thirdly, the spacing of the metal fingers and the TCO 
thickness are optimized for a charge transport over a distance of 2.5 cm, which is derived from a 
configuration of a 156 mm wafer with three bus bars. Furthermore, the invariant contributions of bus bar 
shading and resistive losses in the metal fingers are disregarded. The apparent trends towards improved 
sheet resistance and optical losses highlight that the differences in TCO performance fade once metallization 
is considered. The TCO materials can be tuned for high optical transparency by smaller thicknesses, while 
the metal grid contributes to a reduction of the sheet resistance. Nonetheless, the choice of TCO material 
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and deposition technique is of highest importance once a bare TCO is required as an electrode, in particular 
for the front electrode of the perovskite top-cell in the 4T configuration. 
 
Figure 5.6: Illustration of the effect of metallization on the performance of a variety of TCO materials in terms of 
sheet resistance and AM1.5G-averaged optical losses both by shading and parasitic absorption in the TCO (data 
mostly adapted from [155]). Reprinted with permission from [124]. © 2019 American Chemical Society. 
5.4 Current matching and optimal perovskite bandgap 
Beyond the optimization of the auxiliary layers and textures discussed in the previous section, light 
management in perovskite-based tandem photovoltaics is primarily a matter of the optimization of the 
absorber layers themselves. In particular, current matching in the 2T configuration is critically affected by 
the optical absorption of the perovskite top-cell and, thus, by two important parameters: (1) the perovskite 
bandgap and (2) the perovskite thickness. A balanced current generation of the two sub-cells is key to 
maximize the power output of 2T devices. Contrary to the investigation of optical losses originating from 
parasitic absorption and reflection, current matching losses cannot be assessed well under the assumption 
of standard test conditions (STC: AM1.5G irradiation at normal incidence and 25°C). STC define a constant 
spectrum and poorly reflect the constantly changing environmental conditions solar modules are exposed 
to in a realistic setting. A more accurate approach to evaluate the impact of absorber properties on the 
performance of tandem solar modules is energy yield (EY) modelling. It considers the many aspects of 
realistic irradiation, such as location-specific ratio of diffuse versus direct irradiance, temporal changes in the 
irradiation spectrum and the orientation of the sun with respect to the solar module and many more [9,23–
25,107]. Building up on the previous sections, this section provides a brief discussion of the optimal 
perovskite bandgap in perovskite/c-Si tandem solar modules. Additionally, a detailed analysis of various 
characteristics of realistic irradiation conditions on the optimal device architecture is given for the example 
of the very similar perovskite/CIGS tandem technology and the conclusions are discussed in the context of 
perovskite/c-Si tandem PV. These irradiation characteristics encompass: (1) climatic conditions, (2) ratio of 
specular versus diffuse irradiance, and (3) location-specific spectral distribution. Due to the similar bandgaps 
of Si and CIGS, most of the conclusions are also applicable to perovskite/c-Si PV. The methodology of the 
applied EY modelling framework is described in detail in Chapter 4. 
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Optimal bandgap – STC versus realistic conditions 
To begin with, the impact of realistic irradiation conditions on optimal device parameters, in particular the 
perovskite bandgap, are investigated. For this, the nominal power under STC and the EY for two 
representative locations – Phoenix (Arizona) with a large share of direct irradiation and Portland (Oregon) 
with a large share of diffuse irradiation – of the aforementioned state-of-the-art architectures of references 
[26,27] are analyzed. In both cases, the architectures, sketched in Figure 5.5, are on one hand calculated as 
reported in literature and on the other hand with optimized perovskite bandgap and layer thickness. To avoid 
any ambiguous or biased impact of electrical properties on this investigation, the FF (~78 %) and the  ⁄  
ratio are kept constant. Additionally, the maximum perovskite thickness is limited to 750 nm in order to 
remain within a realistic thickness range of solution-processed perovskite layers. 
 
Figure 5.7: Nominal power output under STC (left) and realistic annual energy yield (right) of the 2T [27] and 4T 
[26] perovskite/c-Si tandem solar cells investigated throughout this section in two representative locations. For 
each location and architecture, an optimum tilt angle is used. The energy yield (EY) of the devices is once calculated 
as reported in literature (light gray and light red) and once with optimized perovskite bandgap and thickness (dark 
gray and dark red). The relative difference in nominal power and EY are indicated with labels. Adapted with 
permission from [124]. © 2019 American Chemical Society. 
Modelling of the nominal power under STC and the EY under realistic conditions reveals several insights 
into the role of optical losses for the optimal perovskite bandgap. Starting from the idealized assumption of 
a step-function absorption and the absence of parasitic absorption, the ideal bandgap of the perovskite top-
cell in the 2T configuration is well-known to be located in the energy range of 1.7–1.8 eV [8,21]. Nevertheless, 
this assumption is very different from the absorption of realistic materials. In addition, parasitic absorption 
in the auxiliary layers necessitates further corrections to this idealized approximation. As discussed in Section 
5.3, the vast majority of parasitic absorption in the 2T configuration occurs in the window layers of the 
perovskite top-cell. Consequently, the optimal perovskite bandgap decreases with respect to the 
architecture without parasitic absorption. Furthermore, incomplete absorption of light in the perovskite top-
cell intensifies the trend towards lower optimal perovskite bandgaps. This effect originates from the finite 
thickness of the perovskite absorber and the fact that its absorption profile naturally deviates from a step 
function profile. These considerations are reflected in the optimal perovskite bandgaps of 1.66 eV for both 
the 2T and 4T configurations under STC (see Figure 5.7). In contrast, the optimal perovskite bandgap under 
realistic irradiation conditions rebounds to slightly higher values of 1.69–1.71 eV for both configurations. An 
interesting side note of Figure 5.5 is that the 2T configuration benefits strongly from a device optimization 
for realistic irradiation conditions, contrary to the 4T configuration, which does not suffer from current 
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matching losses. Nonetheless, the increasing trend in optimal perovskite bandgap indicates that the 
properties of the impinging irradiance play an important and non-negligible role in the evaluation of optimal 
device parameters for perovskite-based tandem solar modules.  
Impact of irradiation characteristics 
In the following, the role of various characteristics of realistic irradiation conditions on the annual energy is 
investigated in detail for representative all thin-film perovskite/CIGS tandem solar modules. Furthermore, 
the optimal perovskite bandgap and perovskite thickness for various locations are identified. The extent to 
which the results presented below are applicable to perovskite/c-Si tandem solar modules is explained in 
the corresponding sections of the text. 
 
Figure 5.8: Schematic of the architecture of the virtually stacked 2T (left) and 4T (right) perovskite/CIGS tandem 
solar modules. The individual sub-cells are derived from references [158,159]. A summary of the layer thicknesses 
can be found in the Supporting Information of reference [9]. Adapted with permission from [9]. © John Wiley & 
Sons, Ltd. 
 
Figure 5.9: Comparison of the experimentally measured EQE of state-of-the-art CIGS and perovskite solar cells 
from references [158,159] and the calculated EQE of the optical models. Adapted with permission from [9]. © John 
Wiley & Sons, Ltd. 
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For the following examination, we exploit virtually stacked architectures of planar 2T and 4T 
perovskite/CIGS tandem solar modules, which are illustrated in Figure 5.8. The optical models of the 
individual sub-cells are calibrated with regard to the EQE of a perovskite single-junction solar cell of Ref. 
[158] and a CIGS single-junction solar cell of Ref. [159] (see Figure 5.9). A detailed summary of the layer 
thicknesses is available in the Supporting Information of the corresponding reference [9]. The major 
difference in architecture between the two configurations is the thickness of the rear ITO layer that acts as 
the rear electrode (thickness: 120 nm) in the 4T device and as the recombination junction (thickness: 30 nm) 
in the 2T device. Apart from the differing thickness and purpose of the rear ITO, both perovskite sub-cells 
consist of an ITO front electrode, a TiO2 ETL, the perovskite absorber, a Spiro-OMeTAD HTL. For the following 
evaluation of the impact of irradiation conditions on the optimal device parameters of perovskite/CIGS 
tandem solar modules, methyl ammonium lead iodide (CH3NH3PbI3) is used as a starting material for the 
absorber since it is commonly considered as a reference material. Furthermore, it exhibits similar optical 
properties compared to high-performance perovskite absorbers with a closely related stoichiometric 
composition [160]. In the modelled devices, the poorly temperature-stable Spiro-OMeTAD and perovskite 
limits the annealing temperatures of the ITO layers, which may result in increased parasitic absorption as 
discussed in Section 5.3. However, these processing constraints are neglected in the model. From an optical 
point of view, the choice of the HTL in this architecture is of subordinate nature as confirmed by simulations 
employing nickel oxide (NiOx) as HTL [9]. An EVA optical coupling layer separates the sub-cells of the 4T 
device. The CIGS bottom-cells are composed of a molybdenum (Mo) rear contact, a molybdenum diselenide 
(MoSe2) layer just below the CIGS absorber with a bandgap of 1.2 eV, a cadmium sulfide (CdS) buffer layer, 
and a front electrode consisting of an intrinsic zinc oxide (i-ZnO) and an aluminum-doped zinc oxide (ZnO:Al) 
layer. It should be noted that any shadowing of electrical interconnections is disregarded.  
 
Figure 5.10: Overview of the EY of an opaque CH3NH3PbI3 SJ (brown), an opaque CIGS SJ (teal) and CH3NH3PbI3/CIGS 
tandem solar modules in the 2T (gray) and 4T (red) configuration in various locations in the United States of 
America. The tandem solar modules are optimized for each location individually with a maximum perovskite 
thickness of 1000 nm. The specific locations are sorted by the first order of their corresponding Köppen climate 
classification [161]. Adapted with permission from [9]. © John Wiley & Sons, Ltd. 
One obvious environmental aspect that could potentially influence the optimal device parameters of 
perovskite/CIGS tandem solar modules is the prevalent climatic condition at a specific location. For this 
reason, a variety of locations in the United States of America covering a broad range of climatic zones is 
studied. An overview of the EY of an opaque single-junction (SJ) CH3NH3PbI3 (brown), an opaque CIGS SJ 
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(teal) and CH3NH3PbI3/CIGS tandem solar modules in the 2T (gray) and 4T (red) configuration is provided in 
Figure 5.10. The tandem devices are optimized in terms of layer thickness in each location. The investigated 
locations are sorted by the first order of their Köppen climate classification, which categorizes tropical, arid, 
temperate and boreal climate zones [161]. The results of this overview show that the relative difference in 
performance between the 2T and 4T configurations hardly varies in between the individual locations and 
amount to ~3.5 % relative. A strong impact of climatic conditions on current matching losses, which should 
be observable in the relative performance of 2T and 4T devices, can thus be ruled out. It becomes evident 
that the same conclusion applies to perovskite/c-Si tandem PV, when recalling the comparable relative 
performance of 2T and 4T perovskite/c-Si tandem solar modules for two representative locations in very 
different climatic zones shown in Figure 5.7. 
Having eliminated climatic conditions as a key parameter for current matching in 2T tandem solar 
modules, irradiation properties such as the ratio of specular versus diffuse irradiance and the location-
specific spectral distribution come into focus. A convenient figure-of-merit for the latter is the average 
photon energy (APE), which is defined as the average energy of photons that are incident at a certain location 
over the period of one year. To identify the impact of the irradiation properties on current matching in 2T 
devices, four archetypal scenarios are required as summarized in Figure 5.11:  
(1) Phoenix Real Spectra: the real measured spectra of the representative location of Phoenix (Arizona);  
(2) Phoenix Invariant Spectra: a scenario that adapts the varying levels of specular and diffuse 
irradiation but displays an invariant APE by constantly employing an AM1.5G spectrum scaled to 
the measured intensity at every point in time;  
(3) Phoenix all hvÈA: the real measured spectra assuming all irradiation is specular;  
(4) Phoenix all hÇ33Èv: the real measured spectra assuming all irradiation is diffuse. 
 
Figure 5.11: Comparison of the EY of perovskite/CIGS tandem solar modules in the 2T (gray) and 4T (red) 
configuration for four irradiation scenarios. Each irradiation scenario displays a unique characteristic as 
summarized in the lower table. The corresponding irradiation spectra can be found in the Supporting Information 
of reference [9]. Adapted with permission from [9]. © John Wiley & Sons, Ltd.  
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The corresponding irradiation spectra can be found in the Supporting Information of reference [9]. It should 
be pointed out that no scenario-specific optimization of the devices in terms of layer thickness is performed, 
which permits a fair comparison of current matching losses between all scenarios. 
Starting from the reference scenario Phoenix Real Spectra, it is evident that relative difference between 
the EY of the 2T and 4T device in the scenarios Phoenix all hvÈA and Phoenix all hÇ33Èv hardly differs from 
the reference. In the scenario Phoenix Invariant Spectra, however, the trend in relative difference in EY 
reverses and even favors the 2T device. This observation allows the conclusion that transient variations in 
the spectral irradiation predominantly affect current matching. The ratio of specular versus diffuse irradiance 
is of lower importance. Here, the module encapsulation with a typical refractive index of 1.45–1.5 diminishes 
the relevance of the angle of incidence by limiting the conical solid angle of incident light acceptance on the 
solar cell to ~40–45°. For this reason, the relative performance of 2T and 4T perovskite/c-Si tandem solar 
modules is also mainly affected by transient variations in the spectral irradiation and the ratio of specular 
versus irradiance is of minor relevance. In general, the dominant role of the APE results in the need of a more 
location-specific rather than climate-specific optimization of perovskite-based tandem solar modules. 
 
Figure 5.12: (a) Quantification of the annual EY of latitude-tilted perovskite/CIGS tandem solar modules in two 
different irradiation scenarios as defined in Figure 5.11. The 2T devices are once displayed with the same 
perovskite thickness as the 4T device and once optimized for each scenario individually. (b) Comparison of the 
power losses associated to reflection, parasitic absorption and current matching. The applied methodology for the 
quantification of the power loss can be found in the Supporting Information of reference [9]. Adapted with 
permission from [9]. © John Wiley & Sons, Ltd. 
Location-specific optimization 
The following section discusses the question of whether and how much location-specific optimization is 
required to make the most out of both configurations of perovskite/CIGS tandem solar modules. Beginning 
with the reference CH3NH3PbI3 absorber material, Figure 5.12 quantifies (a) the energy yield and (b) the 
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power losses associated to reflection, parasitic absorption and current matching for (1) the 4T configuration, 
(2) the 2T configuration with the same perovskite thickness (O = 320 nm) as the 4T device and (3) a 2T 
configuration with a location-specific optimized layer thickness. From the annual EY in the scenario Phoenix 
Real Spectra, it is directly evident that the 2T configuration (2) yields ~15 % less energy than the 4T 
configuration (1) and is in urgent need of an optimization of the device architecture. Once the perovskite 
absorber thickness is optimized (O = 155 nm), this relative difference reduces to ~3 %. In Figure 5.12b, the 
cause for this drastic improvement is directly identifiable. While the power losses associated to reflection 
and parasitic absorption approximately remain at the same level, current matching losses are reduced by ~81 %. The massive decrease in power losses originating from imperfect current matching transform this 
loss mechanism from the formerly dominant mechanism into the least important one. How strong current 
matching losses are correlated to the variations in the APE is demonstrated by the scenario disregarding 
spectral variations of Phoenix Invariant Spectra. In this scenario, device (2) displays ~34 % lower current 
matching losses and, contrary to the scenario Phoenix Real Spectra with temporal changes in APE, current 
matching losses can be eliminated by an optimization of the layer thickness. 
 
Figure 5.13: (a) The annual EY of latitude-tilted 2T perovskite/CIGS tandem solar modules and the corresponding 
average current densities at maximum power point 〈〉 in dependence of the perovskite absorber thickness for 
the irradiation scenarios Phoenix Real Spectra and Phoenix Invariant Spectra. (b) Overview of the optimum 
perovskite thickness identified for each of investigated locations as a function of the location’s APE. Adapted with 
permission from [9]. © John Wiley & Sons, Ltd. 
The identification of the tolerance of such an optimization in terms of layer thickness is resolved by 
investigating the current densities of both sub-cells at MPP 〈〉 averaged over the time span of an entire 
year. Naturally, the maximum EY in Phoenix Real Spectra and Phoenix Invariant Spectra, in Figure 5.13a, is 
located close to the layer thickness with matching 〈〉 of top- and bottom-cell since current matching 
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losses are minimal at this point. Nonetheless, it appears that the tolerance interval with at least 98 % of the 
maximum achievable EY covers a relatively broad range in perovskite thicknesses (Phoenix Real Spectra: ~60 
nm; Phoenix Invariant Spectra: ~75 nm). Due to the higher APE in Phoenix Real Spectra (APE = 1.51 eV) than 
in Phoenix Invariant Spectra (APE = 1.45 eV), the former scenario requires a lower optimum perovskite 
thickness (O = 155 nm) to support minimum current matching losses than the latter (O = 190 nm). In general, 
this correlation of APE and optimum layer thickness is consistent in all investigated locations as highlighted 
by Figure 5.13b. Nonetheless, the range of the variations in between 150 nm and 190 nm in this study 
appears to be rather small. The small range suggests that an optimization of the perovskite thickness with 
regard to realistic irradiation conditions in general is already sufficient since a further location-specific 
optimization does not promise a significant gain. Considering the lower bandgap of Si (1.1 eV) compared to 
the investigated CIGS absorber (1.2 eV), the optimum perovskite thickness of perovskite/c-Si tandem solar 
modules naturally will be higher since the perovskite absorber needs to absorb more photons to sustain 
current matching. However, the correlation of optimum perovskite thickness and APE at a fixed perovskite 
bandgap is valid in the same way as for perovskite/CIGS tandem PV. 
So far, the tuneability of the perovskite bandgap has been disregarded throughout the preceding 
discussion on perovskite/CIGS tandem PV. However, employing a bandgap closer to the theoretical optimum 
instead of the reference material CH3NH3PbI3 ( = 1.55 eV) affects the mechanism of current matching 
drastically. Consequently, the analysis is expanded to the mixed halide wide bandgap perovskite absorbers 
CH3NH3Pb[I1-xBrx]3, whose bandgap can be tuned in the range of 1.55 eV to 2.3 eV. For this study, a dataset 
of the refractive indices of CH3NH3Pb[I1-xBrx]3 with integer stoichiometric compositions of bromide and iodide 
is interpolated to achieve a bandgap resolution of 0.05 eV [162]. To ensure comparability from an exclusive 
optical perspective, the electrical properties, such as the FF (~80 %) and the  ⁄  (~0.8) under STC remain 
constant throughout all bandgaps. 
The results of the bandgap optimization of both the 2T and the 4T configuration installed in Phoenix 
(Arizona) in Figure 5.14a highlight the strong dependence of the annual EY on the top-cell’s bandgap, in 
particular for the 2T configuration. The 4T device appears to be rather insensitive towards a change in the 
bandgap and benefits only by a boost of ~6 % in EY by employing a 1.8 eV absorber instead of CH3NH3PbI3 
(1.55 eV). In contrast, the heavy impact of the top-cell’s bandgap on current matching invokes a strong 
sensitivity of the 2T device to this optimization. Moreover, the EY of 2T device increases by ~13 % by chosing 
the optimum top-cell bandgap. When comparing the bandgap optimization of the perovskite absorber in 
Phoenix to the other representative location, Portland (Oregon), which exhibits a lower APE, the importance 
of the average spectral irradiation becomes apparent (see Figure 5.14b). The optimal perovskite bandgap of 
1.8 eV of the 4T device is unchanged, whereas for the 2T device a slightly lower bandgap of 1.8 eV in Portland 
instead of 1.85 eV in Phoenix is favored. In the optimum case, a remarkable increase of ~52% in EY of both 
tandem configurations is identified compared to the base CIGS PV technology. The EY of both configurations 
levels out in a bandgap range of 1.8–1.85 eV. Naturally, the optimal perovskite bandgap depends on the 
bandgap of the bottom-cell’s absorber (CIGS:  = 1.2 eV, Si:  = 1.1 eV) and is slightly higher for the 
investigated perovskite/CIGS tandem devices than the optimal perovskite bandgap of 1.7–1.75 eV identified 
for perovskite/c-Si tandem PV shown above in Figure 5.7. 
While the first two sub-figures only provide a hint at the relative performance of the two configurations, 
Figure 5.14c provides an overview over various locations covering the most relevant climatic zones. In 
average, fully optimized 2T and 4T perovskite/CIGS tandem solar modules generate a comparable annual EY 
under realistic irradiation conditions. Some places favor the monolithic architecture and some the 
mechanically-stacked, without a clear trend towards one or the other. Therefore, no final conclusion can be 





Figure 5.14: Annual EY of latitude-tilted perovskite/CIGS tandem solar modules in the 2T (dashed lines) and 4T 
configuration (solid lines) with a variety of CH3NH3Pb[I1-xBrx]3 absorbers in two different climate zones: (a) arid 
Phoenix, Arizona and (b) humid Portland, Oregon. The tandem solar modules are optimized for each location 
individually with a maximum perovskite thickness of 1000 nm. (c) Overview of the maximum EY of wide bandgap 
(1.8 eV) perovskite/CIGS tandem solar modules in both the 2T and 4T configuration in various locations in the 
United States of America. The locations are sorted by the first order of their Köppen climate classification [161]. 
Adapted with permission from [9]. © John Wiley & Sons, Ltd. 
In the preceding discussion of Figure 5.13, the optimization of the key parameter of the CH3NH3PbI3 
absorber’s layer thickness in perovskite/CIGS tandem solar modules towards realistic irradiation conditions 
has been raised. The use of wide bandgap perovskite materials changes the picture significantly. The left side 
of Figure 5.15 displays the energy losses of the three major loss mechanisms for perovskite/CIGS tandem 
solar modules in the 4T configuration, as well as in the 2T configuration, before and after the optimization 
for a perovskite bandgap of 1.55 eV. In contrast to the stark reduction of current matching losses for this 
bandgap, a perovskite bandgap of 1.8 eV, which is around the optimum, heavily facilitates current matching. 
Thus, the relevance of an optimization of the perovskite decreases drastically. In general, a perovskite 
bandgap close to the optimal bandgap for the respective tandem technology – whether it be perovskite/CIGS 
or perovskite/c-Si – supports current matching and diminishes the importance of optimizing the layer 
thickness of the perovskite absorber. 
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Figure 5.15: Annual power losses originating from reflection, parasitic absorption and current matching of 
perovskite/CIGS tandem solar modules in the 4T (red) and the 2T (gray) configuration with two different perovskite 
bandgaps: 1.55 eV (left) and 1.8 eV (right). The 2T configuration is once shown with the same perovskite thickness 
as the 4T configuration and once with an optimized perovskite thickness. 
Keeping the goal of maximizing the power output of the tandem technology in mind, these results 
highlight the need for well-performing wide bandgap perovskite absorbers. It should be underlined again 
that yet such materials are not within the bounds of possibility, and that this study employs artificially 
designed materials.  
5.5 Inactive areas 
An aspect specific to tandem devices but a matter of solar modules in general is the issue of inactive areas. 
These losses are illustrated in Figure 5.16 and include the module border area, spacing in between the 
wafers, metallic fingers and bus bars, as well as interconnection lines of thin-film PV technologies. This list 
already indicates that in the discussion of inactive areas it is necessary to distinguish between conventional 
c-Si solar modules, which consist of several densely packed solar cells, on the one hand and thin/film solar 
modules, which are monolithically integrated. All considerations for c-Si single-junction solar modules 
directly apply to 2T tandem solar modules and the bottom-cell of 4T tandem devices since these are likely 
to be contacted in the very same manner. Analogously, inactive areas of the top solar module of 4T tandem 
devices underlie the same constraints as those of thin-film single-junction solar modules.  
The metallic frame at the module borders of commercial c-Si solar modules typically shades around 7 % 
of the total area and provides robustness and easy mounting possibilities to the solar module [163,164]. The 
reduction of module border areas is, therefore, primarily an issue of employing a lower amount of 
lightweight and robust materials, typically aluminum alloys, rather than an issue that could be tackled with 
optical concepts.  
The second type of inactive area, which is exclusive for silicon PV and does not occur in thin-film PV, 
originates from the module’s geometry, in particular from wafer spacing. Spacing area defines the spacing 
in between the single wafers and in between the wafers. These areas sum up to around 4 % [165] and depend 
crucially on the packing density of the silicon wafers. Raw silicon wafers are fabricated from cylindrical ingots 
and cut into semi-square cells to increase the packing density in a solar module. In commercially available 
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high-efficiency solar modules the packing density reaches as high as 96 % [163]. Since perfect packing with 
semi-square cells is not feasible, scattering backsheets are employed that trap some of the light inside the 
solar module by exploiting reflection at the glass/air interface. These backsheets reduce the effective area 
share of spacing areas by ~1 % absolute [166]. 
The third kind of inactive area is represented by tabbing and bus bars that transport the generated 
current in the individual solar cells along the large dimensions of a solar module. Due to the large amount of 
current, bus bars typically exhibit a width of around 1 mm. The most intuitive approach from a technological 
point of view is the development of advanced contacting technologies that display a smaller area share than 
standard bus bar designs or feature a lower optical footprint. In fact, the company Meyer-Burger 
commercialized the new SmartWire contacting technology (SWCT) in recent years that replaces effectively 
planar bus bars by a large number of continuous fine finger lines made of coated copper wires integrated 
into a foil. The circular geometry of the wires leads to a significantly larger cross-section and thus lower 
electrical losses. In addition, the optical footprint decreases effectively by 25 % [44]. In theory the effective 
shading can be as low as 30 % of the actual area in a module environment [167,168].  
 
 
Figure 5.16: Illustrations of (left) a c-Si solar module and (right) any thin-film solar module. Labels indicate the 
specific inactive area losses. 
Complementary to bus bars, metallic fingers of the individual c-Si solar cells collect the generated current 
and transport them to the closest bus bar or closest intersection to the next copper wire in the SWCT. The 
distance in between fingers and their individual dimensions are a compromise between low shading and low 
resistive loss [169]. In combination with bus bars, fingers shade around 5–10 % of the total module area, but 
steadily close in on the lower end of this range. A decrease of inactive area originating from contact fingers 
will mainly be a result of two ongoing developments: (1) a reduction of finger width deposited by screen 
printing, which is currently around 40 µm [170] and 20 µm on the roadmap [5], and (2) a reduced effective 
optical shading by semi-circular or circular cross-sections, as demonstrated by Meyer-Burger’s SWCT. 
Circular cross-sections can be achieved via advanced deposition techniques, such as advanced screen 
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printing [43] or electroplating [46]. Triangular cross-sections are another intriguing alternative from an 
optical point of view, since they almost eliminate optical shading losses [40,41,61,62], but they may only 
pose a solution to inactive areas of silicon PV and not to inactive areas of thin-film solar modules. As outlined 
in Section 5.3, this compromise is closely connected to the choice of TCO material and thickness. An 
optimization of finger spacing and TCO thickness demonstrates that AM1.5G-averaged optical losses of down 
to 2 % are within reach [124] under the assumption of 50 µm wide metallic fingers.  
In contrast to wafer-based c-Si single-junction and 2T tandem solar modules, as well as for bottom-cells 
of 4T perovskite/c-Si devices, packing density or metallized areas do not play any role for inactive area loss 
in thin-film solar modules. Instead, interconnection lines are the only source of inactive areas beside the 
module frame. They consist of three scribing lines: P1, P2 and P3, which separate the rear contact, the 
absorber and the front electrode, respectively. The width of the line crucially depends on the scribing 
technique. While advanced laser scribing achieves line widths of 20–50 µm [171–173], mechanical scribing 
is limited to around 30–90 µm and suffers from chipping effects due to the brittleness of the absorber 
materials [51,173]. For the established CIGS thin-film technology, PV manufacturers are currently trying to 
replace mechanical scribing methods usually employed for the P2 and P3 scribing lines by laser scribing 
techniques [70]. Considering the width of each scribing line and their spacing, a total inactive area per cell 
stripe of up to 300 µm is not unusual, which corresponds to inactive area losses of ~5 % [47–51]. Further 
optimizations of the fabrication processes for interconnection may eventually lead to outstanding 
geometrical fill factors (GFF) of up to 98 % [51]. Nonetheless, the limited conductivity of TCO materials 
hinders a complete elimination of inactive areas by interconnection lines in thin-film PV or metallic contact 
fingers in Si PV. Therefore, a further reduction of the effective shading is targeted via the integration of 
optical cloaking concepts introduced in the Chapter 1. A detailed investigation of cloaking techniques based 
on freeform surfaces follows in the following Chapters 6 and 7. 
5.6 Summary 
The preceding sections of this chapter provide a discussion of optical loss mechanisms occurring in 
perovskite-based tandem solar modules. Here, the considerations are gathered and compared to each other 
to highlight the potential gain by eliminating each loss mechanism. Table 5.1 displays a comparison of the 
contributions of all loss mechanisms of perovskite/c-Si tandem solar modules discussed earlier.  
Table 5.1: Summary of the contribution of each loss mechanism to the overall optical losses of 2T and 4T 




Current matching Inactive area 
2T 2 % 11 % 4 % 16 % 
4T 3 % 12 % – 
Top: 12 %  
Bottom: 16 %  
 
Front-side texturing of the c-Si bottom-cell promises minimal reflection losses for both the 2T and 4T 
configuration. For the former, however, a front-side texture entails the technological challenge of fabricating 
a conformal perovskite top-cell. This challenge necessitates either evaporation deposition techniques or the 
employment of light-trapping textures at other interfaces of the architecture, such as the first air/glass 
interface. In terms of annual EY loss of perovskite/c-Si tandem solar modules based on the representative 
tandem devices of refs. [26,27], reflection losses (without escape reflection due to incomplete light trapping 
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in the Si absorber) sum up to only around 2 % and 3 % of the maximum achievable EY for the 2T and 4T 
architecture, respectively. This values are only achieved, once the front interface of the c-Si absorber exhibits 
a texture.  
In contrast, parasitic absorption losses are a significantly larger source for optical losses. In particular, 
the front CTL and TCO of the 2T configuration and the additionally required electrode of the 4T configuration 
are among the biggest offenders in this regard as shown in Figure 5.5. A further reduction of this loss 
mechanism is expected to stem from reduced layer thicknesses of CTLs and the integration of optically 
superior TCO materials.  
Moreover, current matching plays an important role for the 2T configuration under the constantly 
changing realistic irradiation conditions. Due to its series connection, the lower generated current out of 
both sub-cells limits the maximum power output. However, if properly optimized, the share of current 
matching losses can be as low as ~4 %. Especially wide bandgap perovskite absorbers ( ≈ 1.7–1.8 eV) 
facilitate current matching significantly. If stable perovskite absorbers of this bandgap range will not be 
available, special attention needs to be paid to an optimization of the layer thickness of the top perovskite 
absorber to minimize current matching losses.  
The fourth source for optical losses in perovskite-based tandem solar modules originate from many 
kinds of inactive areas. In total, inactive areas sum up to around 16 %. Here, border area in the form of a 
robust frame cover around 7 % of the total area. Spacing in between individual wafers contributes another ~4 % for 2T tandem devices and for the bottom-cell of 4T tandems. On the cell level, metal contact grids for 
c-Si sub-cells and interconnection lines for thin-film solar modules cover around 5 % of the total area. Even 
when neglecting the share of inactive areas due to the wafer spacing and the framing required for 
robustness, a substantial area of ~5 % of the perovskite/c-Si tandem solar modules is shaded by metallic 
contact grids and interconnection lines. These areas required for minimal electrical losses can be optimized 
in terms of both area coverage and their effective optical shading. Considering the total installed PV capacity 
of 45 GW at the end of 2018 [3] and assuming an average module efficiency of 15 % results in a total module 
area of approximately 300 km². The share of this area of 5 % covered by metallic contact grids and 
interconnection lines then sum up to ~15 km² or 2100 football fields. In terms of PV capacity, this 
corresponds to ~340 MW, a tenth of the newly installed PV in Germany in 2018 [3]. Even though these 
numbers highlight the huge potential for the optimization of metallic contact grids and interconnection lines, 
a complete elimination of these is not feasible due to the limited conductivity of available TCO materials. 
However, optical cloaking concepts provide a possibility to reduce the effective optical shading to nearly 
zero. The following Chapter 696 discusses an optical cloaking concept based on freeform surfaces that 







6 Optical simulations and energy yield modelling of 
freeform surface cloaks 
This chapter provides a detailed investigation of the working principle of FFS cloaks. The origin of the design 
of the FFS cloaks studied in this thesis is provided in Section 2.3. This investigation encompasses two different 
implementation approaches of the FFS cloaks in solar modules. On the one hand, bare FFS cloaks, as designed 
by M. Schumann [60], are investigated. This approach promises the best optical performance but is not 
compatible with the conventional architecture of solar modules, which commonly display a planar front 
surface. On the other hand, this chapter considers embedded FFS cloaks. The latter are compatible with the 
conventional architecture of solar modules since they are integrated as cavities in the front cover glass of 
the solar module. The increased compatibility comes at the cost of a compromised optical performance. 
Furthermore, this chapter studies the impact of embedded FFS cloaks on the energy yield of a representative 
4T perovskite/c-Si tandem solar module of Ref. [26] and discusses how embedded FFS cloaks may affect the 
optimum spacing in between inactive areas. 
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by M. Schumann and extended by the author to consider absorption and dispersion. The applied EY modelling 
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6.1 Working principle of bare freeform surface cloaks 
In view of the subsequent analysis of designs of FFS cloaks that are compatible with the architecture of 
conventional solar modules, the working principle of a bare FFS cloak (without a front cover glass) is 
investigated. The geometry of the FFS cloak is defined by three design parameters: (1) the lateral extent of 
the cloaked area yH, (2) the lateral extent of the cloak yI and (3) the distance between the inactive area and 
the center of the FFS cloak @ (see Section 2.3). The investigated bare FFS cloak is based on the optimum 
design parameters as suggested by M. Schumann et al. [60]. Therefore, it is referred to as the bare original 
FFS cloak here. The optimum parameters for a 200 µm-wide inactive area are yH = 100 µm, yI = 1000 µm 
and @ = 100 µm. With regard to the total width of a unit cell of 5000 µm in this study, the inactive area 
correlates to a GFF = 4 %. A planar layer of the same refractive index as that of the cloak a  serves as a 
reference. It is called the planar reference in the following. 
 
Figure 6.1: Illustration of the refraction of incident light by the bare original FFS cloak at (a) normal incidence and 
at (b) an angle of incidence of 60°. The active area of the solar module is indicated in dark blue and the inactive 
area in red. Paths of reflected rays are omitted for clarity. 
The working principle of the bare original FFS cloak under illumination at normal incidence is illustrated 
in Figure 6.1a. Incident light is refracted and guided away from the inactive area (red) by the bare original 
FFS cloak into the active area of the solar module (blue). Under normal incidence, the light rays starting in 
region I (|| ∈ |0, 1000}) are homogeneously redistributed into region II (|| ∈ |100, 1000}). Region III is 
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the planar area in between two adjacent FFS cloaks. The dimension of this region depends on the distance 
between two inactive areas and the lateral extent of the FFS cloak. Practically, this region could be eliminated 
by reducing the distance between adjacent inactive areas until the FFS cloaks start to overlap. A reduction 
of the distance between two inactive areas has the additional benefit that a thinner TCO is required for the 
lateral transport of charge carriers towards the inactive areas, which represent the metallic contacts or 
interconnection lines [155]. A more detailed discussion on this topic follows in Section 6.3. 
The ability of the FFS cloak to guide light into the active area is not only limited to normal incidence but 
also sustains at oblique angles of incidence. Figure 6.1b illustrates the outstanding cloaking performance of 
the bare original FFS cloak at large angles of incidence such as the depicted case of 60°. The outer flanks of 
the FFS cloak ensure that incident light is still refracted into the active area. It should be noted that a 
considerable portion of light hits the bare original FFS cloak under near-to-normal incidence in regions I and 
II ( ∈ |61000, 0}), which reduces reflection losses and in turn increases light incoupling compared to the 
planar reference.  
 
Figure 6.2: Power on the active area () of the solar module of rays starting at lateral position  for the planar 
reference cover and the bare original FFS cloak. The active area of the solar module is indicated in dark blue and 
the inactive area in red. Adapted with permission from [174]. © Elsevier 2018. 
The bare original FFS cloak increases the power incident on the active area () of rays starting above 
the inactive area of the solar module to close to unity (region I in Figure 6.2). In regions II and III, the FFS 
cloak is close to planar and consequently displays a very similar () as the planar reference. One interesting 
observation is that the bare original FFS cloak boosts () in the part of region II beyond that of the planar 
reference even though there is no inactive area located in region II. The observable increase in () extents 
by ~70 µm into region II. This observation is a consequence of the fact that incident light in this part of region 
II is reflected towards the opposing flank of the bare original FFS cloak and has a second change to enter the 
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FFS cloak. This effect is commonly referred to as improved light incoupling. It is illustrated by representative 
ray paths in Figure 6.2.  
A differentiation and quantification of the two underlying optical effects – cloaking and light incoupling 
– proves to be challenging. An investigation of architectures that incrementally transition from the 
architecture of the planar reference to that of the bare original FFS cloak provides a possible approach to 
meet this challenge. This transition is outlined schematically on the right hand side of Figure 6.3. Associated 
to each incremental transition are the following optical effects: 
1) Index matching: Introducing a layer at the interface between the ambient air and the pristine 
solar module changes the reflectance and () of the new architecture II compared to 
architecture I. If the refractive index (a  = 1.46) of the new layer is in between the refractive 
indices of the TCO top layer of the solar module (a ≈ 1.95 at % = 550 µm) and the ambient air 
(a = 1), the effective matching of the refractive indices increases the overall power incident on the 
active area. 
2) Cloaking: Assuming a transparent interconnection (architecture 3) depicts the case of ideal 
cloaking or in other words an invisible inactive area. This cloaking effect directly correlates to the 
GFF and, thus, leads to a maximum expected gain by Ó  GFF (1 6 GFF) ⁄  4.2 % when 
disregarding any additional optical effects. This transparent interconnection is only a virtual 
representation of the cloaking effect, since invisibility cloaking is not feasible via a planar surface 
of a homogeneous material. 
3) Light incoupling: The third optical effect is improved light incoupling by the reduction of reflection 
via the curvature of the FFS. In a part of region II (see Figure 6.2), reflected light is directed towards 
the opposing flank of the FFS in architecture 4, providing an increased probability to be coupled 
into the cloak layer. In combination, cloaking and light incoupling sum up to a relative increase in  of   4.5 % at normal incidence, which translates directly to an increase in .  
 
Figure 6.3: Cumulative illustration of the three underlying optical effects of the bare original FFS cloak, which 
contribute to the angular-resolved relative increase in power on the active area of the solar module at a 
wavelength of 550 nm. Adapted with permission from [174]. © Elsevier 2018. 
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It should be pointed out that this quantification is only valid for FFS cloaks that provide perfect cloaking 
of the inactive area. Once the inactive area is not perfectly cloaked, imperfect cloaking needs to be 
considered. This level of imperfection is defined as the difference between pp of a cloak (architecture 4) 
with and without an inactive area below. For imperfect cloaking of inactive areas, this level is subtracted 
from the value of cloaking obtained from mere geometrical considerations and leads to lower values once 
the imperfection is non-zero. This approach enables a mathematical distinction of cloaking and light 
incoupling.  
The results show that the relative increase in pp by the bare original FFS cloak remains constant across 
the entire angular range, which is equivalent to omnidirectional cloaking. In particular, the outer domains of 
the curvature of the FFS cloak ensure this ability as already illustrated before in Figure 6.1b. Another 
interesting finding is the strong contribution of light incoupling to the relative increase in pp at large angles 
of incidence. This trend is a consequence of the lower Fresnel reflection of a considerable portion of light 
rays hitting the non-planar surface of the bare original FFS cloak at close-to-normal incidence (see Figure 
6.1b). Furthermore, the relative increase in  by index matching slightly varies at oblique angles of incidence 
due to the different amount of Fresnel reflection of the pristine cell and the planar reference. From here on, 
cloaking and light incoupling are focused exclusively since the planar architecture is used as the reference 
architecture.  
6.2 Working principle of embedded freeform surface cloaks 
Even though the bare original FFS cloak provides perfect cloaking and ideal optical performance, it is not an 
option for the deployment on solar modules under realistic operation conditions. The deep notch of the FFS 
cloak naturally is prone to soiling and the accumulation of dirt. This vulnerability is one of the reasons – with 
the simple production method of course being the key – why planar front covers are the industrial standard 
for solar modules. Therefore, the compatibility of optical cloaking concepts with commercial solar modules 
is a key requirement for further development of these concepts. An incorporation into the conventional 
architecture of solar modules maintains a planar front surface and, thus, eliminates the pronounced 
vulnerability to soiling. Considering a conventional architecture of a polymer encapsulant and a front cover 
glass, an embedment of the investigated FFS cloaks into the cover glass promises the most durable approach 
since optical concepts introduced into the polymer encapsulant may deform under the natural thermal 
cycling of realistic operation conditions. However, embedding the bare original FFS cloak (discussed in the 
preceding section) severely affects its light incoupling and cloaking abilities. The resulting air void of this 
embedded original FFS cloak introduces two additional interfaces between air and the cloak material. 
Therefore, parasitic reflection losses diminish the gain in  by redirecting incident light into the active area. 
The reduced  of the embedded original FFS cloak is demonstrated in Figure 6.4a. While the planar 
reference and the embedded original FFS cloak display the same behavior in region III, parasitic reflection at 
the air/cloak interfaces of the embedded original FFS cloak reduces pp below that of the planar reference 
in region II. In addition, for light incident above the inactive area (region I), () decreases from formerly 
close to unity to a value ~0.92, which is still a significant improvement compared to the planar reference 
with () of zero. Overall, the relative increase in pp shrinks to ~1 %. For oblique angles of incidence, the 
negative impact of poor light incoupling intensifies and even overcomes the omnidirectional cloaking that 
the embedded original FFS cloak still provides (see Figure 6.4b). In fact, it exhibits a lower pp than the 
planar reference for angles 55°. Consequently, embedding the original FFS cloak into the front cover glass 
has a vanishing impact on the amount of harvested light in the solar module. Therefore, an optimization of 
the design of the embedded FFS is required. 
The most intuitive approach to tackle the issue of parasitic reflection is to reduce the lateral extent of 
the embedded FFS cloak by truncating the original design or by adjusting the cloak parameter yI, which 
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represents the lateral extent. The architecture obtained by the former approach is referred to as the 
embedded FFS cloak with optimized cutoff and the latter as the embedded FFS cloak with optimized yI from 
here onwards. Both designs are optimized with regard to maximum annual EY in Phoenix (Arizona). The 
results of this optimization and further studies of the impact of embedded FFS cloaks on the annual EY of 
solar modules are provided in Section 6.3. For now, the two optimized designs are examined with regard to 
their underlying cloaking and light incoupling abilities.  
 
Figure 6.4: (a) Spatially resolved power on the active area () of a solar module for the planar reference and the 
embedded original FFS cloak. (b) Relative increase in total incident power pp on the active area of a solar module 
by the embedded original FFS cloak compared to the planar reference. Both results are displayed for a wavelength 
of 550 nm. Adapted with permission from [174]. © Elsevier 2018. 
The raytracing simulations highlight the substantial shrinkage of the region with reduced () (region 
II) for both the embedded FFS cloak with optimized cutoff (Figure 6.5a) and the embedded FFS cloak with 
optimized yI (Figure 6.5b). In both cases, parasitic reflection losses are almost entirely eliminated by the 
reduction of the lateral extent of the FFS. Consequently, both optimizations lead to pp at normal incidence 
that is almost on par with the bare original FFS cloak of 0.94, which correlates to a relative increase by 3.5 %. 
Concerning oblique angles of incidence, the negative impact on light incoupling by embedding the FFS cloak 
is strongly hampered by the optimization as depicted in Figure 6.5c + d. Furthermore, the embedded FFS 
cloak with optimized cutoff maintains perfect cloaking up to an angle of around 60°. The cloaking of the 
embedded FFS cloak with optimized yI slightly drops in between 25° and 35° but shows better cloaking at 
large angles of incidence 60°. At angles of incidence above 60°, the first light rays start to hit the inactive 
area since the reduced lateral extent of the FFS does not suffice to refract all incident light into the active 
area. In particular, the embedded FFS cloak with optimized cutoff exhibits a lower pp than the planar 
reference for angles 60°, while the embedded FFS cloak with optimized yI maintains a comparable 




Figure 6.5: Spatially resolved power () incident on the active area of (a) the embedded FFS cloak with optimized 
cutoff and (b) the embedded FFS cloak with optimized yI compared to the planar reference. The corresponding 
relative increase in total incident power pp of both designs in the cross-sectional plane is provided in (c) and (d) 
and for all azimuth angles in (e) and (f). All results are displayed for a wavelength of 550 nm. Adapted with 
permission from [174]. © Elsevier 2018. 
6 Optical simulations and energy yield modelling of freeform surface cloaks 
76 
The relative increase in pp shown in Figure 6.5e + f  for the embedded FFS cloak with optimized cutoff 
and the embedded FFS cloak with optimized yI, respectively, demonstrates that the embedded FFS cloak 
with optimized cutoff maintains its excellent cloaking ability for all azimuth angles, but exhibits poor 
performance for zenith angles 60°. In particular for  = 90° and  = 270°, the embedment of FFS cloak with 
optimized cutoff reduces the incident light on the active area of the solar module by up to 8.3 % for t  60°. 
In contrast, the embedded FFS cloak with optimized yI does not suffer from such a strong reduction in pp 
for large zenith angles and performs on par with the planar reference for the most part of the azimuth angle 
range. Poor light incoupling only leads to a notable reduction of pp by 5.8 % for azimuth angles orthogonal 
to the cross-sectional plane ( = 90° and  = 270°). Furthermore, it demonstrates a considerable increase in pp for all zenith angle <60°. Its slight drop in relative increase in pp between the zenith angles t of 25° 
and 35° (see Figure 6.5d) vanishes for azimuth angles greater than 35°.  
In general, embedding FFS cloaks into the cover glass of solar modules appears to be a viable option 
from an optical perspective. The drawback of parasitic reflection losses originating from the embedment of 
the FFS cloak is to overcome by a design optimization of the FFS cloak. For both approaches, the optimization 
leads to a significant increase in pp that almost copes with the GFF of the inactive areas in the case of near 
to normal incidence. For very oblique angles of incidence 60°, the pp is comparable to that of the planar 
reference, in particular for the embedded FFS cloak with optimized yI. The variations in relative increase in pp of both designs of embedded FFS cloaks with the azimuth angle are small and consequently negligible 
for investigations of the impact of embedded FFS cloaks on the annual energy yield of solar module in the 
following Section 6.3. 
6.3 Embedded freeform surface cloaks under realistic 
irradiation conditions 
For the application of embedded FFS cloaks in solar modules, an outstanding optical performance under 
realistic irradiation conditions is key. Therefore, an optimization of the design of embedded FFS cloaks must 
be conducted with regard to the EY. The 4T perovskite/c-Si tandem solar module, which is modelled in 
Chapter 5 and is based on Ref. [26], is used as the base technology for the optimization. Additionally, the 
same contacting scheme – 200 µm-wide inactive areas with a spacing of 5 mm – as in the two preceding 
Sections 6.1 and 6.2 is assumed for the perovskite top-cell. Since the bottom-cell of Ref. [26] is a back-
contacted c-Si solar cell, no additional shading by the bottom-cell is considered. Consequently, the modelled 
4T perovskite/c-Si tandem solar module exhibits a GFF of 4 % for both sub-cells. It should be noted that the 
inactive areas of a 4T perovskite/c-Si tandem solar module are typically consisting of interconnection lines. 
However, the following conclusions are also valid for metallic contact fingers of 2T perovskite/c-Si tandem 
devices, since the cloaking of inactive areas via freeform surfaces is independent of the electrical 
configuration of a tandem solar module. For the optimization, two representative locations are chosen: (1) 
Phoenix (Arizona) with a large share of specular irradiation of 70 % annually and (2) Portland (Oregon) with 
a large share of diffuse irradiation of 49 % annually. The comparison of two locations of fundamentally 
different ratios of specular versus diffuse irradiation demonstrate the sensitivity of optimum design 
parameters of embedded FFS cloaks with regard to the irradiation conditions. Since refraction is a broadband 
optical phenomenon, the impact of the APE on the performance of the FFS cloaks is negligible. Additionally, 
only the cross-sectional plane of the FFS cloaks (zenith angle t = 0°) is considered to keep the computation 
times within reasonable limits. This assumption is justified given the minor variations in relative 
improvement in pp with the azimuth angle shown in the preceding Section 6.2 and the fact that this plane 
covers the largest angles of incidence of realistic irradiation with regard to the geometry of the FFS cloak.  
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Figure 6.6: Annual energy yield of the representative 4T perovskite/c-Si solar module of Ref. [26] with FFS cloaks 
embedded into the cover glass in dependence on (a) the cloak parameter yI  and (b) the cutoff height at two 
representative locations with an optimized tilt. Additionally, the EY of a planar reference with (below curves) and 
without (above curves) 4 % of inactive area is indicated by dashed lines for each scenario.  
The results of the optimization show that the optimum parameters (yI = 300 µm and cutoff = 450 µm) 
differ significantly from the parameters of the original bare FFS cloak. For the embedded FFS cloak with 
optimized yI, the cloak parameter yI is reduced from initially 1000 µm to 300 µm. Thus, the cloak extends 
only beyond the inactive area by 200 µm. In the case of the embedded FFS cloak with optimized cutoff, the 
embedded original FFS cloak is truncated by 25 % so that it also exceeds the inactive areas by ~200 µm. It is 
noteworthy that each micrometer that the FFS cloak exceeds the inactive area has a negative impact on the 
relative performance compared to the planar reference at normal incidence as explained in Figure 6.4. 
However, a larger dimension of the FFS cloak supports cloaking at more oblique angles of incidence than a 
smaller FFS cloak. The optimum cloak parameter yI and cutoff are, therefore, a compromise of highest pp 
under all angles of incidence of realistic irradiation conditions. Moreover, the optimization has a high 
tolerance to the ratio of specular versus diffuse irradiation, since the optimal parameters for yI and the 
cutoff are the same under the very different irradiation conditions of the two representative locations. In 
addition, the optimum in EY is broadly extended depending of the cloak parameter yI, while that of the 
cutoff is more pronounced, which is owed to the fact that, unlike varying the cloak parameter yI directly, a 
truncation does not reduce the FFS cloak’s lateral extent linearly. Overall, both optimized designs of 
embedded FFS cloaks promise a 2.4 % increase in annual EY, regardless of the location under investigation. 
In view of the maximum potential increase of 3.7 % for a planar reference without inactive areas, this gain 
in EY corresponds to a cloaking efficiency under realistic irradiation conditions of 65 %.  
When looking at the relative improvement of power generation by the optimally tilted 4T perovskite/c-
Si tandem solar module over the course of a day, it becomes evident that embedding FFS cloaks into the 
cover glass is particularly beneficial around noon of a sunny day as shown for the example of June 10th in 
Phoenix (Arizona) in Figure 6.7a. Then, a large amount of irradiation impinges the solar module at close-to-
normal incidence (see Figure 6.7c) and the efficient cloaking ability of the embedded FFS cloaks at these 
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angles results in an increase in power output by up to 2.9 %. In the early morning and late evening, both 
designs of the FFS cloak produce a power output comparable to that of the planar reference, since efficient 
cloaking and poor light incoupling approximately keep the balance for strongly diffuse irradiation. 
Nevertheless, this observation does not allow a general statement about the cloaking performance under 
highly diffuse irradiation conditions. For example, the embedded FFS cloaks improve the power output of 
the tandem solar module noticeable by up to 2.3 % around noon of a very cloudy day (see Figure 6.7b + d). 
In general, no distinct difference in terms of cloaking performance under realistic irradiation conditions of 
the embedded FFS cloak with optimized yI and the one with optimized cutoff are perceptible. 
 
Figure 6.7: Generated power of the representative 4T perovskite/c-Si tandem solar module of Ref. [26] with FFS 
cloaks embedded into the cover glass in Phoenix (Arizona) over the course of (a) a representative sunny day (June 
10th) and (b) a representative cloudy day (February 15th). The corresponding specular and diffuse irradiation 
incident on the optimally tilted tandem solar module is given in (c) and (d). 
To optimize the power output of the 4T perovskite/c-Si tandem solar module further, the effective 
cloaking of inactive areas allows the consideration of increasing the inactive area by a larger number of 
metallic contact fingers or interconnection lines, while maintaining a comparable shading loss as a non-
cloaked device. In general, the thickness of the front TCO required for low resistive losses and an efficient 
charge transport is determined by the spacing between the inactive areas [175]. The smaller the spacing, the 
thinner the TCO. However, the spacing of inactive areas cannot be reduced indefinitely because the GFF of 
inactive areas increases with a smaller spacing. Therefore, the contact scheme commonly is a compromise 
between low resistivity of the TCO and low shading losses by inactive areas. In view of an effectively reduced 
optical footprint of inactive areas with FFS cloaks, a larger number of metallic contact fingers and 
interconnection lines is conceivable. A new optimal spacing between the inactive areas is computed for the 
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representative 4T perovskite/c-Si tandem solar module under realistic irradiation conditions at a 
representative location (Phoenix, Arizona) via EY modelling. The thickness of the front TCO of the tandem 
device is reduced to the same extent as the inactive area spacing to guarantee almost constant resistance 
losses. The calculations span from a spacing of 5 mm and an initial TCO thickness of 200 µm to spacing of 2 
mm and a corresponding TCO thickness of 80 µm. 
The results in Figure 6.8 show that the initial spacing and TCO thickness already represent the optimal 
contact scheme for the planar reference. In contrast, both designs of embedded FFS cloaks shift the optimal 
spacing to the same extent towards smaller values and a larger number of metallic contact fingers or 
interconnection lines so that the optimal spacing between the inactive areas is 2.8 mm for the cloaked 4T 
perovskite/c-Si tandem solar module. The lower thickness of the front TCO results in a reduced parasitic 
absorption of this layer. Consequently, the relative increase in annual EY grows from formerly 2.4 % to 3.1 % 
compared to the maximum EY of the planar reference.  
 
Figure 6.8: Annual EY of the representative 4T perovskite/c-Si tandem solar module in Phoenix (Arizona) at optimal 
tilt in dependence of the spacing between the inactive areas. As a cover glass, a planar reference (black) and 
embedded FFS cloaks with optimized yI (red) and cutoff (yellow) are considered. The thickness of the front TCO is 
reduced in same amount as the inactive area spacing to maintain the sheet resistance of the front TCO. 
6.4 Summary 
In this chapter, the working principle of the optical concept of FFS cloaks is discussed and two different 
designs compatible with the conventional architecture of solar modules are proposed. It is apparent that the 
bare original FFS cloak shows the ideal optical performance for all angles of incidence, which is due to its 
excellent light incoupling properties shown in Figure 6.1 and Figure 6.2. However, once encapsulated, the 
original design of the FFS cloak requires an optimization, since the large lateral extent of the embedded 
original FFS cloak introduces a large amount of parasitic reflection. The optimization of the lateral extent of 
the FFS cloak via (1) a cutoff or (2) a reduction of the cloak parameter yI results in a comparable pp to 
the bare original FFS cloak for angles of incidence of up to 50°. For larger angles of incidence, the relative 
increase in pp compared to the planar reference decreases for both the embedded FFS cloak with 
optimized yI and the embedded FFS cloak with optimized cutoff and turns negative for angles above 70–75°. 
This trend towards a negative contribution is even more pronounced for the latter. 
Furthermore, the cloaking performance under realistic irradiation conditions of the two proposed 
designs of embedded FFS cloaks are analyzed via EY modelling in two representative locations with 
fundamentally different ratios of specular to direct irradiation. For both locations – the very sunny Phoenix 
6 Optical simulations and energy yield modelling of freeform surface cloaks 
80 
(Arizona) and the cloudy Portland (Oregon) – a relative increase of 2.4 % the annual EY is identified. In view 
of a GFF of inactive areas of 4 %, this relative increase corresponds to a cloaking efficiency of 65 % under 
realistic irradiations conditions. The reduction of the shading losses of inactive areas via FFS cloaking suggests 
redesigning the front contact scheme of the investigated tandem solar module by simultaneously reducing 
the spacing between the inactive areas and the thickness of the front TCO. This way, resistive losses remain 
approximately constant. Consequently, the optimal spacing reduces from 5 mm of the planar reference to 
1.8 mm and the relative increase in EY compared to the planar reference increases from formerly 2.4 % to 
3.1 %.  
With regard to upscaling, it should be noted that although the proposed designs of embedded FFS cloaks 
do not differ in their ability to cloak inactive areas under realistic irradiation conditions, they have 
significantly different volumes. In fact, the embedded FFS cloak with optimized yI exhibits a 51 % smaller 
cross-section than the embedded FFS cloak with optimized cutoff. This value is directly translatable to volume 





7 Prototypes of freeform surface cloaks in perovskite-
silicon tandem solar modules 
This chapter reports on prototype FFS cloaks applied to perovskite, c-Si and CIGS solar cells and modules 
with a particular focus on the development of fabrication techniques of FFS cloaks that are compatible with 
the conventional architecture of perovskite/c-Si tandem solar modules in both the 2T and 4T configuration.  
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used in the study about embedding FFS cloaks into the cover glass of solar modules [91]. The author carried 
out all experimental work on the fabrication of the FFS cloaks by imprinting into a glass-like resist, as well as 
by embedding them into cover glass fabricated via the liquid glass technique. The liquid glass precursor is 
supplied by Frederik Kotz and Patrick Risch from IMTEK Freiburg. Tobias Abzieher, Thomas Feeney, Ihteaz 
Hossain and Sara Moghadamzadeh deposited the electrodes, the CTLs and the absorber layer for the 
fabrication of thin-film perovskite solar cells on glass superstrates. 
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7.1 Overview of investigated architectures 
To begin with, this section provides an overview of fabrication techniques of FFS cloaks targeted for CIGS, c-
Si and perovskite PV. In total, four prototype FFS cloaks (see Figure 7.1) are fabricated and characterized:  
• Architecture I: a bare FFS cloak imprinted into the glass-like resist OrmoComp applied to a CIGS mini 
solar module, 
• Architecture II: a FFS cloak optimized for embedment imprinted into OrmoComp and encapsulated 
under a PDMS layer and a cover glass applied to a CIGS mini solar module, 
• Architecture III: a FFS cloak embedded into a cover glass fabricated via the liquid glass technique and 
laminated to a c-Si solar cell using EVA, and 
• Architecture IV: a perovskite solar cell deposited on a glass superstrate with embedded FFS cloaks 
fabricated via the liquid glass technique. 
Starting from the very first prototype of FFS cloaks fabricated on a c-Si solar cell [64], the concept of FFS 
cloaking is transferred to the monolithic interconnection lines of a CIGS thin-film solar module (see 
architecture I). The key hurdles during this step of development are the substantially larger dimensions of 
the cloak owing to the larger width of interconnection lines in CIGS solar modules compared to metallic 
finger grids of c-Si solar cells. Moving forward from the bare FFS cloak, architecture II aims at embedding the 
FFS cloak into the encapsulant. As outlined in Section 6.2, the embedment of a FFS cloak introduces 
significant parasitic reflection losses that can be minimized via two design optimizations: (1) truncation of 
the cloak and (2) reduction of the lateral extent via the cloak parameter yI (see Section 2.3). Architecture II 
makes use of the former optimization by truncating the cloak at an optimized height and then encapsulating 
it under a protective cover glass using a PDMS layer to mediate the contact between the cover glass and the 
FFS cloak. However, the use of the applied glass-like polymer OrmoComp on a commercial scale is not 
reasonable due to its high price. Therefore, alternative materials come into focus. Imprinting the FFS cloaks 
into the commercial standard polymeric encapsulant EVA is not feasible, since this material is liquefied in 
the subsequent lamination of the protective cover glass and the FFS cloak is not retained. A fully integrated, 
durable and, most importantly, compatible route to integrate FFS cloaks into the conventional architecture 
of solar modules becomes available by the emergence of liquid glass. This technique enables the embedment 
of FFS cloaks as cavities directly into the front cover glass. In architecture III, such front cover glass is 
laminated to c-Si solar cells with EVA. Considering the essential need to minimize the fabrication time of FFS 
master structures using DLW the alternative optimization of the design of embedded FFS cloaks via the cloak 
parameter yI is chosen from architecture III onwards, since it exhibits 51 % less volume compared to an 
optimized truncated FFS cloak as outlined in the preceding Chapter 6. Lastly, architecture IV represents the 
final technological challenge of processing a perovskite solar cell directly on a cover glass with embedded 
FFS cloaks for the application as the top-cell in a perovskite-based tandem solar module.  
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Figure 7.1: Overview of investigated architectures of Si, CIGS and perovskite solar cells and modules covered with 
FFS cloaks imprinted into an OrmoComp layer or embedded into the cover glass. FFS cloaks imprinted into an 
OrmoComp layer either are investigated bare, e.g. without encapsulation (architecture I), or encapsulated 
(architecture II). 
7.2 Freeform surface cloaks imprinted into the encapsulant 
Owing to the increased width of interconnection lines of thin-film solar modules (~200 µm) compared to 
screen-printed metallic fingers of c-Si solar cells (~50 µm), the transfer of FFS cloaks (definition in Chapter 
6) from c-Si PV to CIGS thin-film PV (architecture I in Figure 7.1) requires the adaption of the design 
parameters of the FFS cloak. The investigated CIGS solar modules display a width of the interconnection lines 
of ~220 µm. Considering the width of a cell stripe of 4.7 mm, the inactive area constitutes a GFF of 4.7 %. To 
allow for imperfections during fabrication and misalignment of the FFS cloaks with regard to the metallic 
fingers, a tolerance of 80 µm is considered, which sums up to 300 µm that need to be cloaked. The optimum 
parameters for this width are yH = 150 µm, yI = 1500 µm and (0) = 150 µm according to design rules 
outlined in Section 2.3. In the following discussion, this set of parameters is referred to as the original FFS 
cloak with (encapsulated) and without (bare) cover glass. For the application to the CIGS thin-film solar 
module (device parameters provided in Ref. [174]), a master structure of nine FFS cloaks with a total area of 
1.27 cm² is prepared via DLW. A PDMS replica of these master structures is then used to imprint the FFS 
cloaks into an OrmoComp layer via UV-NIL. The fabrication of the PDMS replica and the process and setup 
for UV-NIL are described in Sections 3.2.2 and 3.2.3, respectively. The inset of Figure 7.2 shows a photograph 
of the resulting prototype. The efficient cloaking of the bright interconnection lines is readily identifiable 
from the absence of reflection in the cloaked area (blue rectangle). Contrary, the interconnection lines of 
the planar reference (red rectangle) reflect incident light distinctly. The impact of the FFS cloaks on the 
performance of the CIGS solar module manifests a significant increase in  by 1.8 mA cm-2, which correlates 
to 5.9 % relative. Owing to the excellent light incoupling properties of the original FFS cloak without cover 
glass (see Section 6.1), this even exceeds the theoretical gain of expected for just cloaking the inactive areas 
of   GFF (1 6 GFF) ⁄  4.9 %. Optical simulations (see Section 6.1) show that light incoupling and cloaking 
add to a theoretical gain of 5.4 % for a GFF of 4.7 %. The increase in  is accompanied by an increase in PCE 
from 10.7 % to 11.6 %. 
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Figure 7.2: Measured current-density–voltage characteristic of a strip of a CIGS solar mini-module with the original 
FFS cloak w/o cover glass (blue) and a planar reference (red). Corresponding areas of the measurements are 
indicated by the rectangular boxes in the inset. Adapted with permission from [174]. © Elsevier 2018. 
Regardless of the remarkable boost to solar module performance, this architecture is not applicable to 
realistic operation conditions. Due to the curved surface of the FFS cloak, its notch is potentially prone to 
soiling and the accumulation of dirt. Furthermore, standard front cover glasses for PV industry employ a 
planar front surface. Consequently, the incorporation of FFS cloaks into the conventional architecture of 
solar modules marks one of the key challenges for this technology. As a proof-of-concept, the given 
prototype of the FFS cloak is encapsulated under a planar front cover glass. A thin film of cured PDMS is used 
to bond the cover glass to the PDMS layer and the joint glass/PDMS encapsulation to the FFS cloak imprinted 
into OrmoComp. The process is described in Section 3.3.1. The flexibility of the thin PDMS film facilitates the 
elimination of air bubbles at the two interfaces. Nonetheless, a perfect interface remains challenging. In the 
inset of Figure 7.3a, a single CIGS cell stripe is shown once before (original FFS cloak without cover glass) and 
once after encapsulation with a front glass (original FFS cloak with cover glass).  
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Figure 7.3: Measured current-density–voltage characteristics of prototypes of individual cell stripes of a CIGS solar 
module with (a) the original FFS cloak and (b) the truncated FFS cloak. Both designs are shown with and without a 
cover glass. Corresponding areas of the measurements are indicated by the rectangular boxes in the insets. 
Adapted with permission from [174]. © Elsevier 2018. 
With regard to the optical performance, only the bare original FFS cloak results in a significant increase 
in   of the CIGS cell stripe of åçò  = 5.8 ± 0.4 %, which is in good agreement with both the aforementioned 
theoretical limit of 5.4 % and the previous result on nine interconnection lines of a CIGS solar module. In 
contrast, once encapsulated, the original FFS cloak with cover glass boosts the cell stripe’s  by mere 1.5 ± 
0.4 %. The data of the correlated increase in PCE for both prototypes are provided in Table 7.1. The small 
gain of the FFS cloak once covered with a front glass clarifies the need for an optimization of the design 
parameters of the FFS cloak.  
For the application to the CIGS cell stripe, an optimized truncation at a height of 435 µm is used so that 
the FFS cloak slightly exceeds the inactive area. This optimization is performed with regard to maximum 
power on the active area pp at normal incidence, which means that the FFS cloak has the same lateral 
extent as the interconnection line (¦ = 220 µm). Once optimized the truncated FFS cloak with cover glass 
boasts a relative increase in  of åçò  = 4.1 ± 0.4 %, which is on par with that of the truncated FFS cloak 
without cover glass of åçò = 4.7 ± 0.4 %. The slightly lower relative increase in  is to be expected due to 
the parasitic reflection loss at the two additional air/glass interfaces that the cavity introduces. The 
corresponding increase in PCE is provided in Table 7.2. It should be noted that the  of the reported J-V 
characteristics is substantially lower than that of a fully illuminated solar module, since the shadow mask 
(area = 12.6 mm²), which is used to measure the FFS cloak and the planar reference separately, covers a large 
fraction (~85 %) of the active area. Additionally, the adjacent CIGS cell stripes are shunted intentionally for 
contacting the targeted cell stripe individually. 
7 Prototypes of freeform surface cloaks in perovskite-silicon tandem solar modules 
86 
Table 7.1: Short circuit current densities (), power conversion efficiency (PCE) of the original FFS cloak with and 
without a cover glass and the corresponding relative increase of   (ζåçò) and PCE (ζ) compared to the planar 
reference. Reprinted with permission from [174]. © Elsevier 2018. 
 Planar reference 
Original FFS cloak  
without cover glass 
Original FFS cloak  
with cover glass 
  (mA cm-2) 32.5 34.4 33.0 
PCE (%) 12.7 13.8 13.2 
å  - 5.8 1.5 
  - 8.7 3.9 
Table 7.2: Short circuit current densities (), power conversion efficiency (PCE) of the truncated FFS cloak with 
and without a cover glass and the corresponding relative increase of  (ζåçò) and PCE (ζ) compared to the 
planar reference. Reprinted with permission from [174]. © Elsevier 2018. 
 Planar reference 
Truncated FFS cloak  
without cover glass 
Truncated FFS cloak  
with cover glass 
  (mA cm-2) 31.9 33.4 33.2 
PCE (%) 12.4 12.9 13.2 
å  - 4.7 4.1 
  - 4.0 6.5 
So far, the performance of the FFS cloaks on CIGS cell stripes have exclusively been investigated at 
normal incidence. However, oblique angles of incidence are an essential component of realistic operation 
conditions of solar modules. Even though the modification of the FFS design via truncation results in a boost 
of the  at normal incidence, the ability of omnidirectional cloaking is compromised as illustrated by 
simulations in Section 6.2. Performing angle-dependent J-V measurements allows for the experimental 
confirmation of simulation results. The relative increase in  of a CIGS cell stripe by applying the original 
FFS cloak with and without a cover glass, as well as the truncated FFS cloak with cover glass, provided in 
Figure 7.4 show a good agreement with simulations. The original FFS cloak without cover glass (blue data) 
displays the largest relative increase in  and its light incoupling ability at oblique angles of incidence 
benefits immensely from its non-planar surface. Nonetheless, the required cover glass for the compatibility 
with the application to photovoltaics diminishes the performance boost almost entirely, since parasitic 
reflection losses and cloaking of the inactive areas compensate each other. In particular, at oblique angles 
of incidence, the original FFS cloak with cover glass (black data) performs worse than the planar reference. 
The optimized truncation enables the recovery of most of the FFS cloak’s boost to solar cell performance for 
angles of incidence <30°. For more oblique angles, the relative increase in  by the truncated FFS cloak 
with cover glass (grey data) is close to zero, which means that it performs as well as the planar reference. 
For further optimization, energy yield modelling is of vital importance to identify the compromise between 
parasitic reflection losses and FFS cloaking across the entire angle range since it provides a route to consider 
the complex nature of diffuse realistic irradiation conditions. 
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Figure 7.4: Relative increase of the  of CIGS cells stripes with various designs of FFS cloaks (symbols) in 
dependence of the angle of incidence. For all designs, corresponding optical simulations (dashed lines) serve as 
references. Adapted with permission from [174]. © Elsevier. 
7.3 Freeform surface cloaks embedded into liquid glass 
The employment of the liquid glass technique marks the next milestone for the development of FFS cloaks 
compatible with the conventional architecture of solar modules sketched in Figure 7.5a. This technique 
enables the embedment of FFS cloaks in a fused silica glass slide. This way, a functionalized front cover glass 
for solar modules is manufactured that can be applied to photovoltaics just like any other standard front 
cover glass in industry. In this thesis, front cover glass with embedded FFS cloaks are fabricated via the liquid 
glass technique as a proof of concept. Compared to the approach of imprinting FFS cloaks into the polymeric 
encapsulant, the embedment of FFS cloaks into the cover glass promises an increased robustness and 
durability. A close-up view of the air void resulting from the embedment of a FFS cloak is shown in the 
microscope image in Figure 7.5b. The image demonstrates the excellent quality of transferring the FFS into 
fused silica glass using the technique outlined in Section 3.3.2. However, visual inspection on a larger scale 
(see Figure 7.5c) reveals the inclusion of small air bubbles originating from manual polymer bonding. The 
quality of the final cover glass may benefit from an automated and vacuum-assisted polymer bonding 
process, in particular with regard to upscaling. Other aspects concerning the sample quality are the planarity 
and surface roughness of the cover glass. The parameters are mostly affected by the surface quality of the 
glass slides and the attached plastic foils that are used to maintain a planar surface during the imprint of the 
FFS cloak into the liquid nanocomposite via UV-NIL. An in-depth discussion on these two parameters, in 
particular in the context of perovskite thin-film solar modules, follows later in this section. 
Considering the necessity of upscaling, an alternative approach to optimize embedded FFS cloaks is 
pursued. Instead of optimized the lateral extent of the cavity by truncating the FFS at a certain height, the 
lateral extent of the FFS cloak is modified directly via the cloak parameter yI (please refer to Section 2.3). 
The optimization of yI reduces the volume of the FFS cloak by ~51 % (see Section 6.4) and speeds up the 
fabrication of master structures via DLW to the same extent. Once laminated to a monocrystalline silicon 
heterojunction solar cell with a standard polymeric encapsulant EVA, the setup corresponds to architecture 
III in Figure 7.1. 
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Figure 7.5: (a) Schematic of the conventional architecture of a c-Si solar module and an illustration of the reflection 
losses at metallic contact grids. (b) Microscope image of a FFS cloak embedded into a fused silica cover glass. (c) 
Photograph of a cover glass with embedded FFS cloaks fabricated via the liquid glass technique. Scales are 
indicated in each inset. Adapted with permission from [91]. © 2019 American Chemical Society. 
In agreement with the ray-optical nature of the FFS cloak, the cover glass with embedded FFS cloaks 
boosts the measured EQE of the c-Si heterojunction solar cell over the entire wavelength range (see Figure 
7.6a). Compared to the pristine solar cell, the EQE reduces due to parasitic absorption in the EVA and due to 
diminished anti reflection properties of the solar cell, whose front layers are optimized for air as the ambient 
medium. The strong parasitic absorption of EVA leads to a lower EQE in particular in the UV range. Since the 
layer thicknesses of the front layers are not optimized for encapsulation, the peak in EQE of the pristine c-Si 
solar cell around 650 nm is eliminated, which results in a flat EQE of the encapsulated c-Si solar cell across a 
broad wavelength range of 500 – 1000 nm. The increase in EQE is confirmed by the J-V characteristics of the 
three scenarios provided in Figure 7.6b. By encapsulating the pristine solar cell under the EVA encapsulant 
and the planar fused silica cover glass, around 2.4 mA cm-2 in  are lost. However, introducing embedded 
FFS cloaks into the cover glass adds 1.2 mA cm-2 to the  of the encapsulated c-Si solar cell. The relative 
increase in  of both measurements cannot be compared directly, since the GFF of inactive areas with 
regard to the spot size differs. The home-built setup used for measuring the EQE of the c-Si solar cells 
generates a line spot with an area of 1 mm x 5 mm that crosses three metallic contact fingers with an average 
width of ~95 µm. With regard to the area of the spot, the inactive area sums up to 5.8 ± 0.3 %. A slightly 
lower GFF is apparent during J-V measurements. With regard to the area of the shadow mask of 13.4 mm x 
2.5 mm that includes six contact fingers, the inactive area covers 4.4 ± 0.2 %. A detailed illustration is 
provided in Ref. [91]. Eventually, both measurements identify a significant increase in  of 5.2 ± 0.5 % and 
3.8 ± 0.5 % in the case of EQE and J-V characteristic, respectively, which corresponds to a cloaking efficiency 
of ~88 %. This value is quite remarkable under the consideration that perfect cloaking is not within reach 
due to parasitic reflection losses at the many air/glass interfaces of the cavity. 
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Figure 7.6: Measured external quantum efficiency (EQE) (a) and corresponding J-V characteristic (b) of a c-Si solar 
cell in a module environment under front cover glass with embedded FFS cloaks (light blue) compared to planar 
front cover glass fabricated via the LG technique (red). Additionally, data of the pristine solar cell is provided. 
Adapted with permission from [91]. © 2019 American Chemical Society. 
 
Figure 7.7: Photograph of pencil scratching tests (standard ASTM D3363) of a cover glass fabricated via the liquid 
glass technique and planar PMMA samples as a reference material. The combination of material and pencil 
hardness is indicated above each photograph. Adapted with permission from [91]. © 2019 American Chemical 
Society. 
Scratch resistance 
Next to efficiently cloaking inactive areas, mechanical stability and resilience towards realistic outdoor 
conditions is another crucial requirement for the application of front cover glass in PV installations. In early 
studies of fused silica glass fabricated via the liquid glass technique, a high Vickers hardness of 980 HV could 
be demonstrated. This Vickers hardness even overcomes that of conventional fused silica glass [93]. Pencil 
scratching tests according to the standard ASTM D3363 may provide a good starting point for further 
mechanical stability tests until standardized test routines on large scales such as IEC 61215 – including 
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bombardment with hailstones – become applicable to cover glass fabricated via the liquid glass technique. 
The procedure of scratching tests according to the standard ASTM D3363 are described in detail in Section 
3.5 but also briefly recapitulated here. The scratching tests are conducted by firmly pushing lead pencils of 
decreasing hardness grades in the range of 9H to 9B across the samples (thickness ~800 µm). Then, the 
samples are visually inspected for scratching damage. Polymethylmethacrylate (PMMA), which is considered 
as one of the most suitable polymeric materials capable of introducing light management concepts to solar 
modules, is used as a reference [176]. The results shown in Figure 7.7 reveal the strong scratch resistance of 
the fused silica glass fabricated via the liquid glass technique. Even with the hardest grade of the lead pencils, 
no structural damage can be inflicted on the material. In contrast, PMMA features a significantly lower 
scratch resistance. Only a medium pencil hardness of H leaves no visual sign of scratching damage. 
Consequently, the suitability of fused silica glass fabricated via the liquid glass technique is highlighted by its 
excellent scratch resistance. 
The successful application of robust cover glass with embedded FFS cloaks to encapsulated solar cells 
demonstrates that this technique applicable to any other solar module that is encapsulated with a polymeric 
encapsulant and a protective cover glass. Possible PV technologies include among others CIGS and Si single-
junction solar modules, as well as 2T perovskite/c-Si and perovskite/CIGS tandem solar modules.  
Thin-film deposition on cover glass 
The next step towards cloaking of inactive areas in 4T perovskite/c-Si tandem solar modules is the fabrication 
of thin-film perovskite solar cells (PSC) directly on glass superstrates with embedded FFS cloaks fabricated 
via the liquid glass technique. For perovskite-based 4T tandem solar modules, a deposition of the perovskite 
top-cell on a glass superstrate should be favored, since the process conditions of the front TCO and selective 
contact are not constraint then by the poor thermal stability of the perovskite as elaborated in Section 5.3. 
Therefore, a glass superstrate with embedded FFS cloaks fabricated via the liquid glass technique must 
exhibit a sufficient surface quality to support the deposition of conformal thin films.  
Cover glass fabricated via the liquid glass technique may feature spikes that originate from the 
imprinting process. Even though these spikes are not recognizable, the AFM images provided in Figure 7.8, 
they are noticeable by manual inspection. Nonetheless, the apparent surface quality and a root mean square 
(RMS) surface roughness of 109.6 nm indicate that a deposition of conformal thin films is a challenge, 
especially for solution-based deposition techniques such as spin-coating. After mechanical polishing 
according to the procedure described in Section 3.3.2, the surface quality is improved significantly and 
exhibits a RMS surface roughness of 3.3 nm. The remaining spikes are most likely due to dust particles. 
 
Figure 7.8: Atomic force microscopy images of cover glass fabricated via the liquid glass technique (a) before and 
(b) after mechanical polishing. The RMS surface roughness is indicated for both samples. 
In view of the targeted upscaling of the cloaking concepts, evaporation is the method of choice to 
deposit the layers of the thin-film PSC on the cover glass fabricated via the liquid glass technique. The 
detailed process steps are provided in Section 3.4, but the architecture is briefly reviewed here. The front 
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contact grid of the PSC consists of ten 200 µm-wide gold (Au) fingers with a spacing of 2 mm. This results in 
a GFF of inactive areas of 10 %. The subsequent layers are 150 nm of ITO, 5 nm of 2,2',7,7'-tetra(N,N-di-p-
tolyl)amino-9,9-spirobifluorene (Spiro-TTB), 500 nm of a coevaporated CH3NH3PbI3 absorber, 21 nm of hole-
blocking C60 and 5 nm of bathocuproine (BCP) and a 75 nm-thick Au rear metal contact [95]. 
Even though the fabricated PSCs are all short-circuited, the cloaking of inactive areas is confirmed by 
reflectance measurements, for which a spot of 1 mm x 4 mm is used that spans across two metal fingers. 
Consequently, the GFF of metal fingers is 10 % with regard to the spot size. The reflectance of an opaque 
perovskite solar cell reduces by up to 5 % compared to a planar reference as shown in Figure 7.9. However, 
the reduction of reflectance is limited to a narrow spectral range of ~500 – 800 nm, which is caused by two 
effects. On the one hand, the PSC becomes transparent for wavelengths longer than the bandgap wavelength 
(~800 nm) and all incident light is reflected by the rear metallization. On the other hand, the reflectance at 
the glass/gold interface significantly decreases for wavelengths % < 540 nm and the incident light is most 
likely absorbed in the Au. Therefore, the effect of FFS cloaking is not detectable by reflectance measurements 
in this spectral range. In view of the GFF of the metal fingers, the cloaking efficiency of the prototype is 50 %, 
which is significantly lower than the cloaking efficiency of 88 % achieved for c-Si solar cells reported above. 
A probable source for imperfect cloaking via any optical concept is misalignment of the FFS cloak with regard 
to the inactive area. In fact, when inspecting the inset of Figure 7.9 closely, a small misalignment of the FFS 
cloak and the metal fingers is noticeable, even though the FFS cloaks are designed with a tolerance in the 
width of the cloaked area of 100 µm. 
 
Figure 7.9: Reflectance of an opaque perovskite solar cell on a glass superstrate with embedded FFS cloaks (black) 
compared to a planar reference (red). Furthermore, the reflectance of unpolarized light at a glass/Au interface 
based on Fresnel’s Equations is provided (dashed line). Due to the vanishing reflectance of the metal fingers in the 
short wavelength range and the strong reflectance at the rear contact in the long wavelength range, the spectral 
range of reduced reflectance of the cloaked perovskite cell (white background) reduces to ~500 – 800 nm.  
Contrary to the architecture of the perovskite top-cell in conventional 4T perovskite/c-Si tandem solar 
modules, the investigated PSC features metallic contact fingers instead of interconnection lines. Therefore, 
the PSCs should be fabricated with interconnection lines instead of an evaporated Au grid in a next step. 
Laser scribing of the interconnection lines promises to improve alignment drastically due to a possible 
automated positioning of the laser beam on the micrometer scale. Additionally, since interconnection lines 
run through the entire layer stack, the distinction between front and rear inactive areas does not apply and 
the alignment of front and rear inactive areas is not of relevance.  
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7.4 Summary 
In summary, this chapter demonstrates several prototypes of FFS cloaks applied to solar cells and modules 
with the goal to establish architectures and fabrication processes compatible with the architecture of 2T and 
4T perovskite/c-Si tandem solar modules. As a first step towards this goal, a FFS cloak based on the optimum 
parameters derived by Schumann et al. [60] is applied to CIGS thin-film solar modules by imprinting the FFS 
cloak into an encapsulating, polymeric layer. This prototype demonstrates that the concept of FFS cloak is 
feasible for such large inactive areas as the ~200 µm-wide interconnection lines of thin-film solar modules 
by an increase in  of 5.9 % compared to a planar reference for a GFF of inactive area of 4.7 %. In addition 
to cloaking, the increased light incoupling due to the FFS cloak’s curved surface contributes to this large 
increase in  as described in Section 6.1.  
To reduce the solar module’s susceptibility to soiling, the initial design is then embedded under a 
protective cover glass by plasma bonding of the polymer FFS cloak and the cover glass. In order to minimize 
the strong parasitic reflection losses introduced by this embedment, the design needs to be adapted. Once 
the design of the FFS cloak is optimized, the CIGS solar module with embedded FFS cloaks outperforms the 
planar reference by 4.1 % [174].  
Furthermore, a fabrication process – the liquid glass technique – that enables the embedment of FFS 
cloaks into the robust cover glass is established in the field of PV and successfully demonstrated by 
laminating the fabricated cover glass to c-Si solar cells [91]. The encapsulated c-Si solar cells feature a larger  by 3.8 % than a planar reference for a GFF of inactive area of 4.4 %. Compared to imprinting a FFS cloak 
into the polymeric encapsulant, this approach displays a more robust integration of the FFS cloak in to the 
architecture of the solar module. The cover glass exhibits a good resilience towards scratching damage, in 
particular when compared to PMMA, which serves as a reference material. In general, this architecture is 
practicable for any PV technology relying on a polymeric encapsulant and a protective cover glass for module 
encapsulation, among others 2T perovskite/c-Si tandem solar modules. 
Having shown both the effective cloaking of inactive areas via FFS cloaks and successful embedment of 
FFS cloaks into the robust cover glass, the deposition of PSCs on glass superstrates fabricated via the liquid 
glass technique is pursued in a next step towards cloaked inactive areas of 4T perovskite/c-Si tandem solar 
modules. Since the perovskite top-cell is preferably processed on a glass superstrate (see Section 5.3), the 
cover glass fabricated via the liquid glass technique require a smooth surface to support the deposition of 
conformal thin films. Mechanical polishing of cover glass fabricated via the liquid glass technique is 
investigated to prepare its surface for the deposition of thin-film PSCs. However, PSCs deposited on the 
polished glass superstrates are short-circuited. Nevertheless, the impact of the embedded FFS cloaks on the 
reflectance of the PSC is quantified. In a wavelength range, where the effect of cloaking is measurable via 
spectrophotometry, the FFS cloak reduces reflectance by up to 5 % for a GFF of inactive areas of 10 %, which 
indicates poor alignment of the FFS cloaks with regard to the inactive areas. However, moving from metal 
grids to laser-scribed interconnection lines promises to improve alignment significantly in future work. Even 
though effective cloaking of inactive areas of PSCs via embedded FFS cloaks is successfully demonstrated, 
the deposition of functioning PSCs on glass superstrates fabricated via the liquid glass technique remains a 




This thesis reports on optical cloaking of inactive areas by FFS cloaks for the application in perovskite/c-Si 
tandem solar modules. An analysis of optical losses in perovskite/c-Si tandem solar modules via optical 
simulations and EY modelling is performed to compare cloaking of inactive areas with the reduction of other 
optical losses, such as reflection, parasitic absorption and current matching. Furthermore, optical 
simulations are used to establish the understanding of the working principle of FFS cloaks. Based on the 
gained knowledge, two designs of FFS cloaks are proposed, which are compatible with the conventional 
architecture of perovskite/c-Si tandem solar modules due to their embedment into the encapsulation layers 
of solar modules. Additionally, this thesis presents prototypes of FFS cloaks imprinted into the polymeric 





8.1 Summary and discussion 
Below, the three main results of this thesis are summarized and discussed in the context of current 
developments in the field perovskite-based tandem solar modules. 
Light management in perovskite-based tandem solar modules 
Optical losses in perovskite/c-Si tandem solar modules associated to reflection, parasitic absorption, current 
matching of 2T tandem solar modules and inactive areas are quantified by means of self-written optical 
simulations, individually and as part of an EY modelling framework. For each optical loss mechanism, the 
development of architectures and materials is discussed for the example of the representative state-of-the-
art devices modelled from literature [26,27].  
The results show that optical losses due to parasitic absorption and shading by inactive areas are the 
largest optical loss mechanisms, while losses in  due to reflection are minimized efficiently to values of 
4 % by pyramidal texturing of the c-Si bottom-cell and the incorporation of ARCs. Parasitic absorption 
accounts for a loss in  of 7 % and 8 % for 2T and 4T perovskite/c-Si tandem solar modules, respectively. 
This loss in   correlates to a loss of the same magnitude in annual EY. Compared to materials used in early 
prototypes, the representative state-of-the-art perovskite/c-Si tandem solar modules already present a 
considerable improvement in terms of parasitic absorption losses. However, employing optically superior 
TCO materials complemented by metallic grids or the fabrication of thinner conformal layers of CTLs promise 
a further reduction of parasitic absorption losses [124,155].  
Furthermore, the investigation of losses associated to current matching in 2T devices reveals that an 
optimization of the architecture of a representative 2T perovskite/CIGS tandem solar module results in a 
drastic reduction of current matching losses. Consequently, the 2T device employing CH3NH3PbI3 with an 
optimized thickness produces an EY ~3.5 % lower than that of a 4T device averaged over a large variety of 
locations in the United States, which cover a wide range of climatic zones. The EY modelling further shows 
that perovskite bandgaps of ~1.7 – 1.8 eV facilitates current matching considerably and reduces the 
relevance of optimizing the thickness of the perovskite absorber layer. The annual EY of perovskite-based 
tandem solar modules in the 2T and 4T configuration balance out, when perovskite absorbers with a bandgap 
in this optimum range are employed. This means that the battle for the superior configuration of perovskite-
based tandem solar modules is most probably decided by economic factors, such as fabrication costs and 
integration into existing fabrication lines, rather than by the maximum EY. 
Apart from the large loss mechanism of parasitic absorption, inactive areas are another major source of 
losses in solar modules in general and reduce the active area, and thus the annual EY, by up to 16 %. Around 
third of the inactive area loss is associated to metallic contact grids and interconnection lines (~5 % of the 
total area). Even though effort is invested to reduce the optical footprint of metallic contact grids and 
interconnection lines, optical cloaking promises a significant potential boost to the annual EY of perovskite-
based tandem solar modules. 
Working principle of freeform surface cloaks 
With the goal of FFS cloaks that are compatible with conventional architectures of solar modules and 
simultaneously resilient to soiling losses, a new design of FFS cloaks starting from the original bare FFS cloak 
designed by M. Schumann et al. [60] needs to be designed. Therefore, the understanding of the working 
principle of bare FFS cloaks is established first. Due to its curved surface, the original bare FFS cloak not only 
shows omnidirectional cloaking, but also demonstrates excellent light incoupling properties, in particular at 
large angles of incidence. In terms of cloaking and light incoupling, the original bare FFS cloak features the 
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ideal optical performance. However, the curved surface of the FFS cloak increases its susceptibility to soiling 
and the accumulation of dirt.  
The established understanding of the working principle of FFS cloaks is used to modify its design for the 
embedment under a protective cover glass. Embedding the FFS cloak into the cover glass provides a planar 
front surface and, thus, reduces the device’s susceptibility to soiling to levels of commercial solar modules. 
However, the embedment comes at the cost of increased reflection losses due to the large area of air/cloak 
interfaces. The amount of reflection losses is minimized by reducing the lateral extent of the FFS cloak via 
design modifications: (1) a truncation of the height (cutoff) of the FFS cloak, which effectively reduce the 
lateral extent, and (2) an optimization of the cloak parameter yI, which directly represents the lateral extent.  
Once optimized, both designs of FFS cloaks exhibit a relative increase in power on the active area pp of 
3.5 % at normal incidence for a considered GFF of inactive areas of 4 %. However, due to the modification of 
the design of the FFS cloaks, they do not feature perfect omnidirectional cloaking anymore. At oblique angles 
of incidence, the optical performance of both designs keeps the balance. While the embedded FFS cloak with 
optimized cutoff performs better at angles of incidence below 60° in terms of pp, the embedded FFS cloak 
with optimized yI has superior angular stability and outperforms the former at angles of incidence  
above 60°. 
To identify the superior out of the two proposed design modifications under realistic irradiation 
conditions, EY modelling of a representative 4T perovskite/c-Si tandem solar module with FFS cloaks is 
carried out. Both modification approaches yields a relative increase in EY of 2.4 % compared to a planar 
reference. The successful cloaking of inactive areas under realistic irradiation conditions liberates the 
compromised front contacting scheme of solar modules in general. Usually, the front contact scheme is a 
compromise of small inactive area losses defined by spacing between inactive areas and low resistance losses 
defined by the TCO thickness. Since embedded FFS cloaks effectively reduce the amount of inactive areas, 
the spacing between inactive areas can be reduced while simultaneously reducing the TCO thickness until a 
new optimal front contacting scheme emerges. In the case of the representative 4T perovskite/c-Si tandem 
solar module, the spacing of inactive areas is reduced from 5 mm to 1.8 mm. The TCO thickness from initially 
200 nm reduces to the same extent. While the EY of the planar reference reduces with smaller spacing due 
to increased GFF of inactive areas, the EY of the optimized front contact scheme is 3.1 % higher than the 
maximum EY of the planar reference.  
Embedded FFS cloaks applied in perovskite-based tandem solar modules 
Within the scope of this thesis, prototypes of FFS cloaks applied to various PV technologies are fabricated 
with the goal to establish fabrication techniques compatible with the architecture of state-of-the-art 2T and 
4T perovskite/c-Si tandem solar modules.  
First, the concept of FFS cloaks is successfully applied to the interconnection lines of CIGS thin-film solar 
modules to demonstrate that FFS cloaks are in theory applicable to any dimension of inactive areas. For this 
prototype, the FFS cloak is imprinted into the polymeric encapsulant. The original bare FFS cloak improves 
the  of the CIGS solar module by 5.9 % with regard to a GFF of inactive areas of 4.7 %. The original bare 
FFS cloak features the ideal optical performance, since it combines omnidirectional cloaking with excellent 
light incoupling. However, the original bare FFS cloak exhibits an increased susceptibility to soiling due to its 
non-planar surface. To increase resilience to soiling, embedded FFS cloaks are presented by covering a 
modified FFS cloak with a protective cover glass. Even though, the embedment of the FFS cloak increases 
reflection losses, the resulting increase in  of 4.1 % is still remarkable. 
Additionally, an alternative fabrication technique to embed FFS cloaks into the protective cover glass – 
the liquid glass technique – is applied. This technique allows the embedment of FFS cloaks directly into the 
robust cover glass. A good compatibility with conventional encapsulation techniques of solar modules is the 
consequence, since the cover glass fabricated via the liquid glass technique can be laminated in the very 
8 Conclusion 
96 
same way as conventional cover glass. Furthermore, the material is characterized by an outstanding 
resilience towards scratching damage, which underlines its suitability to outdoor applications. Laminating 
the cover glass with embedded FFS cloaks fabricated via the liquid glass technique to c-Si heterojunction 
solar cells results in a noticeable increase in   of 3.8 % compared to a planar reference. Considering a GFF 
of inactive areas of 4.4 %, this increase in  corresponds to a cloaking efficiency of ~88 %. 
The established process of embedding FFS cloaks into the cover glass via the liquid glass technique poses 
a viable option for 2T perovskite/c-Si tandem solar modules, since these are most likely contacted in the very 
same way as c-Si single-junction solar modules, which are by standard encapsulated by laminating the cover 
glass using a polymeric encapsulant. However, 2T perovskite/c-Si tandem solar cells or modules have not 
been available within the timeframe of this thesis, but the high cloaking efficiency achieved for c-Si single-
junction solar cells demonstrates the effectiveness for the very similar contacting scheme of 2T perovskite/c-
Si tandem solar modules.  
As a next step towards cloaking of inactive areas in 4T perovskite/c-Si tandem solar modules via 
embedded FFS cloaks, the deposition of PSCs on a glass superstrate fabricated via the liquid glass technique 
is performed. In 4T perovskite/c-Si tandem solar modules the preferable deposition of the perovskite top-
cell on a glass superstrate (see Section 5.3), which also acts as the cover glass, renders the use of a polymeric 
encapsulant superfluous. For thin-film deposition, the surface of the cover glass has to exhibit a quality that 
supports the deposition of conformal thin films. Therefore, grinding and polishing of glass superstrates 
fabricated via the liquid glass technique is pursued. Even though the fabricated PSCs are short-circuited, the 
ability of the FFS cloak to guide the incident light towards the active area is confirmed via reflectance 
measurements. The reflectance of the PSC is reduced by 5 %. Considering a GFF of inactive area of the PSC 
of 10 %, this reduction in reflectance corresponds to a cloaking efficiency of 50 %, which highlights the severe 
issue of precise alignment of FFS cloaks and inactive areas. In fact, alignment is identified as a key challenge 
and a major disadvantage of any optical cloaking concept compared to the alternative of tailored contacts.  
8.2 Outlook 
Having shown – both theoretically and experimentally – by the example of CIGS, c-Si and perovskite single-
junction solar cells that embedded FFS cloaks effectively reduce optical losses due to inactive areas of solar 
modules, some challenges to overcome and some possibilities to explore remain for future work. In 
particular, the development of new front contacting schemes of perovskite/c-Si tandem solar modules with 
a larger number of metallic contact fingers in the 2T configuration or a larger number of interconnection 
lines in the 4T configuration represents an interesting opportunity enabled by embedded FFS cloaks. 
At present, the concept of embedded FFS cloaks faces three major challenges: (1) time-consuming 
fabrication of master structures using DLW, (2) large-scale fabrication of embedded FFS cloaks, and (3) 
alignment of FFS cloaks with regard to the inactive areas. 
Regarding the first challenge, tremendous efforts are invested to advance DLW to be of use on an 
industrial scale. In particular, the development of two-photon grayscale lithography promises a considerable 
boost to fabrication times of FFS cloaks since it enables the ultra-fast fabrication of freeform microstructures 
on industrial scale [177]. Nonetheless, high-precision milling may be an interesting alternative, since it 
enables the fabrication of more durable metallic master structures compared to the DLW master structures 
comprised of cured resist. The fabrication of metallic master structures has the additional benefit of reducing 
the number of process steps by eliminating the transfer of master structures into a PDMS stamp, since a 
milled metallic master is directly usable as a stamp for UV-NIL. Alternatively, the fabrication of master stamps 
by powder bed fusion may be an interesting and highly innovative technique to fabricate more robust and 
durable master stamp than the currently used PDMS [178]. However, commercial machines yet do not 
feature the required resolution to be straightforwardly applicable for optical cloaking concepts [179]. 
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Closely related to the time-consuming fabrication of master structures is the second challenge of large-
scale fabrication of FFS cloaks. Even though further research efforts have to be invested to fabricate PSCs 
successfully on robust cover glass fabricated via the liquid glass technique, cover glass with embedded FFS 
cloaks represents the most promising approach to cloak inactive areas of the perovskite top-cell in 4T 
perovskite/c-Si tandem solar modules. Furthermore, it represents the most durable approach to integrate 
optical cloaking concepts into the architecture of both 2T and 4T perovskite/c-Si tandem solar modules under 
the natural thermal cycling of outdoor conditions [91]. For 2T devices, an embedment of optical concepts 
into polymeric encapsulants other than the market standard EVA, such as PDMS, during the lamination 
process may be an alternative to the embedment into the cover glass but represents a major technological 
challenge. 
Lastly, precise alignment of optical cloaking concepts with regard to the inactive areas is a key issue. For 
4T perovskite/c-Si tandem solar modules, laser scribing of the interconnection lines of the perovskite top-
cell promises to facilitate precise alignment due to the automated positioning on the micrometer scale of 
the laser beam used. Alignment of a cover glass with embedded FFS cloaks with regard to the metallic contact 
grids of 2T perovskite/c-Si tandem solar modules, however, may only be solved by optically assisted 
positioning of the cover glass during lamination. Given the fact that the FFS cloak may be designed in a way 
that it considers a certain tolerance of for example 100 µm, precise alignment of FFS cloaks and inactive 
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